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ABSTRACT 
Widespread declines in both managed and wild pollinators worldwide has led to 
increasing concern for the valuable ecosystem services they provide for natural systems 
and agriculture. This study examined the potential benefits of diversifying agricultural 
landscapes by increasing floral diversity on farms on insect biodiversity and crop 
pollination services. My focal species, watermelon Citrullus lanatus, is an ideal species 
for pollination studies because it is entirely dependent on insect pollinators to set fruit. 
Chapter 1 investigates the effect that wildflower strips on watermelon farms has on the 
delivery of pollination services to watermelon by the pollinator community. Chapter 2 
presents information on the effects that wildflower strips on watermelon fields has on the 
biodiversity of the overall pollinator community. Chapter 3 examines the foraging 
behavior of several watermelon pollinator species to determine whether pollinator sharing 
occurs between wildflower species and watermelon species when they occur 
sympatrically. Chapter 4 is intended as an extension publication for the general public to 
gain valuable information about wildflower strips on watermelon farms and the 
conservation of native pollinators. 
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CHAPTER ONE 
 
WILDFLOWER STRIPS INCREASE WATERMELON VISITATION BY SELECT 
POLLINATORS 
 
 
Abstract – Agricultural intensification has negatively impacted biodiversity and 
ecosystem services supported by natural systems that contribute to agricultural 
productivity, including pollination services. One commonly recommended yet 
understudied method of diversifying farm landscapes is planting additional floral 
resources in wildflower strips or hedgerows. This extends the flowering period beyond 
the crop bloom and increases floral species richness to support native and managed 
pollinators. My study is the first to test the effect of wildflower strips on watermelon 
(Citrullus lanatus) pollination. I found that in each of three years (2016-2018), wild bees 
contributed the majority of visits to watermelon in 21 fields in South Carolina, especially 
the small sweat bee genus Lasioglossum spp. Wildflower strips significantly increased 
the watermelon visitation rate of Lasioglossum spp. but not of other pollinator groups. 
Honey bees were significantly more frequent watermelon visitors in fields without 
wildflowers in one year, suggesting a potential lack of competition with native pollinators 
when additional resources and floral species richness are absent.  
INTRODUCTION 
To feed a growing human population, agricultural intensification is increasing 
globally, accounting for 80% of global deforestation and 70% of water withdrawals. It is 
also is the largest contributor to carbon emissions contributing to climate change (FAO, 
2017).  With this land use intensification comes degradation of agro-ecosystems, natural 
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habitats and the ecosystem services these areas provide (Tilman et al., 2001). This trend 
threatens biodiversity and the ecosystem services on which agriculture depends, 
including crop pollination (Garibaldi et al., 2011; Klein et al., 2007). Pollinator-
dependent crops contribute to about 35% of global food production, and about 75% of 
leading food crops benefitting from animal pollinators in terms of yield or quality (Klein 
et al., 2007). The demand for pollinator-dependent crops is on the rise (Aizen et al., 2008; 
Intergovernmental Science‐Policy Platform on Biodiversity and Ecosystem Services, 
2016) while alarming rates of decline are being observed in both wild and managed 
pollinator populations (Intergovernmental Science‐Policy Platform on Biodiversity and 
Ecosystem Services, 2016; Kluser and Peduzzi, 2007; Committee on the Status of 
Pollinators in North America., 2007). The European honey bee (Apis mellifera) remains 
the most important managed agricultural tool for pollination, but is facing numerous 
threats including pests, disease, and insecticides resulting in average annual losses in the 
US of 40-50% since 2006 (Lee et al., 2015). Wild pollinators are less studied but also are 
declining (Colla and Packer, 2008; Potts, S.G., Biesmeijer, J.C., Kremen, C., 2010; 
Steffan-Dewenter et al., 2005). An estimated 40% of the world’s invertebrate pollinators 
are at risk of extinction (Intergovernmental Science‐Policy Platform on Biodiversity and 
Ecosystem Services, 2016).  A lack of sufficient floral and nesting resources, combined 
with insecticide use from agriculture and spread of pests and disease from managed 
species, are the most important factors in the decline of native bees (Apoidea), considered 
the most important pollinator group (Kearns et al., 1998; Kremen et al., 2002). 
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As more agricultural land is intensively managed, vast monocultures cover the 
landscape, limiting the availability of floral resources for pollinators beyond the relatively 
short period of crop bloom.  The common practice of intense herbicide use along field 
edges and margins where weedy flowers could grow (Stoate et al., 2001) exacerbates the 
lack of floral and potential nesting resources.  This lack of resource availability can 
reduce insect pollinator diversity and potentially decrease wild insect contributions to 
crop pollination (Potts et al., 2010). One commonly suggested method of improving 
conditions for pollinators in agro-landscapes is planting alternative floral resources, i.e. 
wildflower strips or hedgerows, to increase floral diversity, food resources and potential 
nesting sites (Carreck and Williams, 2002; Garibaldi et al., 2014; Heard et al., 2007; 
Kremen et al., 2004). These additional food resources support native pollinator 
populations and biodiversity, which are critical to the stability, resilience and 
functionality of pollinator communities (Kremen et al., 2002; Mandelik et al., 2012), 
especially since bee populations are highly variable across space and time (Roubik, 2001; 
Williams et al., 2001). The Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES) Report on Pollinators (2016) recommends “creating 
uncultivated patches of vegetation such as field margins with extended flowering 
periods” as one method to improve current conditions for pollinators. Farm bill 
conservation programs in the United States and agri-environmental schemes in the 
European Union provide subsidies to incentivize farmers to plant additional floral 
resources on farms (Vaughan and Skinner, 2015). Some studies have found positive 
effects of wildflower plantings in agricultural fields by increasing the pollination 
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services, diversity and abundance of the native pollinator community in mango 
(Carvalheiro et al., 2012), highbush blueberry (Blaauw and Isaacs, 2014), tomato (Balzan 
et al., 2016a), and strawberry (Feltham et al., 2015). Still, relatively little is known about 
the potential benefits of these widespread recommended techniques to individual 
flowering crop species, and the interactions with landscape context and farming 
management practices (Garibaldi et al., 2014; Kremen and M’gonigle, 2015). 
My study species, watermelon (Citrullus lanatus L.), is a monoecious crop 
entirely dependent on insect pollination to set fruit (Delaplane et al., 2000) Previous 
research has shown that native pollinators can provide all the pollination services to 
watermelon needed to produce marketable fruit if certain ecological conditions on the 
farm are met (Kremen et al., 2004; Winfree et al., 2008, 2007).  My study is a response to 
repeated calls for more research on the potential impacts of additional floral resources on 
different crops (Sardiñas and Kremen, 2015; Winfree et al., 2008). It is the first study to 
investigate the impacts of wildflower strips on pollination services to watermelon. The 
overall objective of this research is to test the effectiveness of wildflower strips to 
improve pollination services to watermelon and to provide information that can be 
applied by farmers by (1) understanding the contribution of different insect pollinator 
groups to watermelon pollination on farms in coastal and central South Carolina, (2) 
determining the effect of wildflower patches on watermelon pollination services via 
visitation frequency, and (3) determining the effect of wildflower patches on the 
proportion of visits by different pollinator groups to watermelon pollination.  
MATERIALS AND METHODS 
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Study species 
Watermelon (Citrullus lanatus L.) is a monoecious flowering crop and a low 
growing vine that prefers dry, sandy soil and high temperatures. Young seedlings were 
planted into the fields between March and May, with peak flowering occurring in June 
and July and a total flowering period of approximately two months. Watermelon flowers 
open one to two hours after sunrise, close between noon and 13:30 EDST depending on 
weather conditions, and do not reopen once closed (Mcgregor, 1976, M. Jenkins, 
personal observation). Staghellini (2002) found that 0600-1000 was the most important 
time for pollen deposition in producing fruit. Multiple varieties were planted in my study 
sites, including both triploid seedless SP7 and diploid seeded varieties Charleston Gray, 
Sugar Baby and Crimson Sweet.  
Study sites 
The study was conducted in coastal and central South Carolina in Charleston, 
Barnwell, and Bamburg Counties in the Southern Coastal Plain and Middle Atlantic 
Coastal Plain ecoregions of the southeastern US. In 2016, six watermelon fields served as 
independent sites, at Clemson University Coastal Research Center in Charleston, South 
Carolina, Clemson University Edisto Research Center in Blackville, SC and a 
commercial grower’s field in Olar, SC. The fields were separated by at least 500 m and 
ranged in size from 0.3 – 2 acres. Three fields were conventional monoculture 
watermelon fields and three fields were “diversified” fields, containing wildflowers and 
other co-flowering crop species intermixed with the watermelon crop. Wildflower 
plantings consisting of thirteen species of native wildflowers (Supplementary Info Table 
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1.5), which were transplanted into the three “diversified” watermelon fields in four 2m 
long sections within each row in spring 2016. The wildflowers flowered before, during, 
and after the watermelon flowering period.  Fields adjacent to all study sites contained a 
range of crops consisting of tomatoes, corn, watermelon, squash, cantaloupe and 
cucumber but were separated from my fields by at least 100m. 
In 2017, the study paired fields together in blocks to account for environmental 
heterogeneity in the landscape, climate, and other factors that could also influence 
pollinator communities and behavior. Five treatment fields were paired with five control 
fields in similar locations and with similar conditions in terms of chemical spraying, 
flowering period of watermelon, and field size. Six of these fields were at the Clemson 
Coastal Research Center in Charleston SC, two fields at Clemson Edisto Research Center 
in Blackville, SC, and two at a small polyculture farm on John’s Island, SC. Each 
treatment field had one ~60m x 1m row of wildflowers on one edge of the field that 
flowered before, during, and after the watermelon flowering period. The wildflower strips 
consisted of 20 plots of four wildflower species transplanted as seedlings. Each of the 
four flower species comprised five 1m2 plots with 20 plants per plot, separated by 1m 
between each plot. The wildflower seeds were not treated and were germinated from seed 
in February and March at the USDA Vegetable Laboratory in Charleston, SC in a 
greenhouse and outdoors. They were transplanted into each treatment field in April or 
May 4-6 weeks before watermelons were transplanted into each field so that they would 
be flowering before watermelon. The four wildflower species, Yellow Zinnia (cardinal) 
Zinnia elegans, Indian blanket Gaillardia pulchella, Plains Coreopsis Coreopsis tinctoria 
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and Sulphur Cosmos Cosmos sulphureus, were chosen based on drought tolerance, 
hardiness, length of flowering period, difference in flowering phenology, and previous 
observations in watermelon fields regarding their attraction to a wide diversity of 
pollinators. The 5 control watermelon fields did not contain wildflower strips.  
 In 2018, ten fields in Charleston and Barnwell Counties, SC were included in the study. 
All fields this year contained wildflowers but differed in wildflower location; wildflowers 
were either in the field or near the field within 50-100m. Five fields were located on two 
small polyculture farms on John’s Island, SC, at Clemson Edisto Research Center in 
Blackville, SC and Clemson Coastal Research Center in Charleston, SC with multiple 
crops present. Zinnia elegans, Verbena hastata, and Monarda fistulosa, made up the 
majority of the wildflower species near these fields. Three fields were also at the 
Clemson Coastal Research and Education Center in Charleston SC and contained 
wildflower strips (G.pulchella, Z.elegans, C. tinctoria, C.sulphureus) in a ~60m x 1m 
strip along one edge of each field, as was done in treatment fields in 2017. In 2016-2018, 
two to three honey bee hives were placed near all the fields. No commercial Bombus 
impatiens colonies were placed near the fields. 
The density of watermelon flowers in each field was sampled to control for the 
effect that floral density may have on pollinator foraging behavior. In 2016-2018, 20 
random 1m2 plots were sampled for density of open watermelon flowers in each field one 
to four times throughout the flowering period of each field.  
Pollinator observations 
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During 2016-2018, to determine the visitation frequency by different groups of 
pollinators, one to five people observed 1x1m2 plots of watermelon flowers in each field 
from 0800-1200 EDST on mostly sunny days (<50% cloud cover). Observations were 
completed during the peak watermelon flowering period, which differed for each field, 
ranging from May 23-August 21. Observations were made along a 50m transect on a 
different row for each observer that traversed the length of each field, beginning always 
at the field edge. For a 45-second period, the observer(s) recorded the total number of 
insect visits to all watermelon flowers within a 1m2 plot in the watermelon row. A 
minimum of five watermelon flowers was required in each plot. The observer then moved 
5 m along the transect and repeated the observation procedure for a new plot.  In 2016, 
20-60 plots were completed per observation period and in 2017 and 2018, 20 plots were 
completed per observation period, with multiple observation periods per day if weather 
permitted. Pollinators were separated into six distinguishable groups because it was not 
possible to identify to species or genus in the field. The groups were based mostly on size 
and general coloration pattern and consisted of large bees (Bombus spp., Xylocopa spp.), 
medium bees (Megachile spp., Melissodes spp., Halictus spp.), metallic green bees 
(Agapostemon spp., Augochlorini), tiny bees (Lasioglossum spp., Ceratina spp.), honey 
bees (Apis mellifera), and other insects (Lepidoptera, Diptera, other Hymenoptera). 
Occasional Hemiptera were observed in flowers and were excluded because they were 
mostly predatory species (Reduviidae) with limited mobility and likely not transferring 
pollen. Spotted cucumber beetles Diabrotica undecimpunctata (Chrysomelidae) were 
also observed but were excluded because they are considered cucurbit pests and remained 
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on single flowers for long periods of time, making them unlikely pollinators for a 
monoecious plant.  
Statistical analysis 
To reduce zero counts and improve data normality, transects, observers and 
observation periods were pooled for individual days of observations for each site. The 
number of insects in each pollinator group was averaged across transects, then averaged 
across all observers in an observation period and finally across number of plots in a 
transect, generating a mean number of insects observed per pollinator group. Data from 
2018 were square-root transformed to account for high variance and ensure data 
normality. Temporal differences within one field season were included as a variable by 
separating each season into early (May 15-June 15), middle (June 16-July 15), and late 
(July 16-August 21). A separate ANOVA analysis for each year was conducted using 
standard least squares to test the effect of treatment, season, and treatment*season on the 
visitation rate of six pollinator groups and the sum of total insect visitation rate. All 
significance tests used an alpha of 0.05. Density of mean watermelon flowers per m2 was 
correlated using linear regression between density of watermelon flowers and sums of 
total insect visits collected within seven days of when the density was sampled. All 
statistical calculations were performed using JMP (Version 8, SAS Institute Inc, Cary, 
NC, USA). 
RESULTS 
In the summers of 2016-2018, a total of 6,279 observations of pollinators on 1m2 
plots were completed in 21 total watermelon fields. In 2016, pollinators were observed on 
 10
29 days from June 8-August 1, 2016, with 9,477 observations of watermelon-pollinating 
insects. In 2017, pollinators were observed on 40 days from June 14-August 21, 2017, 
with a total of 5,554 watermelon-pollinating insects. In 2018, pollinators were observed 
on 21 days from May 23-July 29, 2018, with 2,606 observations of watermelon-
pollinating insects.  
Visits from native bees made up the majority of total insect visitation of 
watermelon flowers. The most common were large bees (i.e. bumble bees (Bombus spp.) 
and large carpenter bees (Xylocopa spp.)), medium bees (i.e. long-horned bees 
(Melissodes spp.), leafcutter bees (Megachile spp.) and Halictus spp.), and tiny bees (i.e. 
Lasioglossum spp. and small carpenter bees (Ceratina spp.)), comprising three families of 
bees (Apidae, Halictidae, Megachilidae). Honey bees were not the most frequent visitor 
in most fields despite hives being placed near all the fields specifically for watermelon 
pollination. Overall, in 2016-2018, four groups of native bees made up 64 - 76% of the 
total visits, honey bees 20 - 29%, and other insects 4 - 7%. In 2018, large bees made up 
29.3% of the total visits, honey bees 26.3% of visits and tiny bees 23.8% of visits. The 
rest of the visits were made up of medium bees (9.7%), other insects (7.2%), and metallic 
green bees (Agapostemon spp, Augochlorini; 3.7%). In 2017, tiny bees made up 34.3% of 
the total visits, followed by honey bees (28.6%), large bees (13.7%), medium sized bees 
(13.7%), other insects (7%), and metallic green bees (2.5%) (Figure 1.1). This differed 
slightly from 2016 results, in which tiny bees and large bees made up almost equivalent 
proportions of the total number of visitations at all sites, with 25.8% and 25.0% of total 
visits, respectively. Medium-sized bees were the third most frequent visitors in 2016, 
 11
making up 21.9% of visits in 2016, followed by honey bees (19.7%), other insects (3.9%) 
and metallic green bees (3.5%) (Figure 1.1). 
In 2016 and 2017, wildflower plantings had a significant positive effect on 
pollinator visitation frequency for the tiny bee group consisting mostly of the genus 
Lasioglossum (F(1, 23)=10.78 , p=0.003 (2016), F(1,34)=7.78, p=0.009 (2017) Table 
1.1).  The tiny bee visitation rate was significantly higher in treatment fields (1.59 SE ± 
0.30 (2016), 1.10 SE ± 0.24 (2017)) than in control fields (0.17 SE ± 0.08 (2016), 0.33 
SE ± 0.06 (2017)) in both years (Table 1.2). In 2017 only, wildflower plantings had a 
significant positive effect on honey bee visitation rate (F(1, 34)= 8.21, p=0.007). 
However, honey bee visitation was significantly higher in control fields (0.93 SE ± 0.21) 
than in treatment fields (0.58 SE ± 0.16). There was no significant effect of treatment on 
visitation frequency of large bees, medium bees, green bees, or other insect visitation 
frequency in 2016 and 2017 (Figure 1.2). In 2018, wildflower placement (within field 
versus near field) significantly affected large bee visitation rate (F(1,15)=5.48, p=0.03) 
but no other pollinator group (Table 1.1). Fields with wildflowers nearby had 
significantly higher large bee visitation (0.93 SE ± 0.21) compared to fields with 
wildflowers within the field (0.20 SE ± 0.12) (Table 1.2) (Figure 1.3).  
Season was found to have a significant effect in 2017 on the total sum of all visits 
(F(2,34)=21.03, p<.0001), green bee visitation (F(2,34)=10.53, p<0.001), tiny bee 
visitation (F(2,34)=3.69, p=0.04), honey bee visitation (F(2,34)=16.77, p<0.0001), and 
other insect visitation (F(2,34)=3.97, p=0.03) (Table 1.1). These visitation rates were all 
highest in the late season compared to the middle and early seasons (Table 1.3). There 
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was no significant effect of season on large and medium bee visitation rate in 2017, nor 
on any of the pollinator groups visitation rate in 2016 or 2018. The interaction effect had 
a significant positive effect for only honey bee visitation in 2017 (F(2,34)=5.91, 
p=0.006). No interaction effect was found for any pollinator group visitation in 2016 or 
2018, except for the total visitation rate in 2018 indicating that the treatment effect for the 
total visitation rate in 2018 varied according to season (F (2,15)=4.20, p=0.04) (Table 
1.1). 
In 2016 and 2017, honey bees had the highest mean visitation frequency per 1m2 
plot in control fields (1.09 SE ± 0.32 (2016), 0.93 SE ± 0.21 (2017)) and tiny bees had 
the highest mean visitation frequency in treatment fields (1.59 SE ± 0.30 (2016), 1.10 SE 
± 0.24 (2017)). In 2016, other insects had the lowest mean visitation frequency in control 
fields (0.09 SE ±0.02) and green bees were lowest in treatment fields (0.06 SE ±0.02) 
(Table 1.2).  In 2017, green bees had the lowest mean visitation frequency in both 
treatment and control fields (0.08 SE ± 0.03, 0.08 SE ± 0.03). In 2018, in fields with 
wildflowers within the field, tiny bees had the highest overall mean visitation frequency 
(0.66 SE ± 0.20) and other insects had the lowest visitation frequency (0.11 SE ± 0.03). 
In fields with wildflowers near the field, large bees had the highest visitation rate (0.93 
SE ±0.21), and green bees had the lowest visitation rate (0.03 SE ± 0.01).  
When visits were pooled by treatment type in each year, the pollinator community 
contained all of the six pollinator groups, with no single group dominating the total 
number of visits (Figure 1.4). Overall visitation rates by all species were lower in 2018 
(2.02 SE ±0.21) than in the previous two years (3.11 SE ±0.24 in 2016, 2.45 SE ± 0.26 in 
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2017). Overall visitation rates by treatment were slightly higher in control fields (3.24 SE 
± 0.45) than in treatment fields (3.03 SE ± 0.28) in 2016, but higher in treatment fields 
(2.77 SE ± 0.39) than control fields (2.09 SE ± 0.32) in 2017. In 2018, near field 
visitation rates (2.31 SE ±0.29) were overall higher than within field (1.63 SE ±0.25) 
(Table 1.4). Density of watermelon flowers in individual fields was not correlated with 
sums of total insect visits in 2016-2018 (R2=0.000, y=2.607+0.007114x) (Figure 1.5).  
DISCUSSION 
Native bees provide important pollination services to watermelon crops in South 
Carolina by contributing the majority of visits to C.lanatus flowers, with limited overall 
variability in their contribution over three years of study. Other insects such as wasps, 
flies and butterflies are much less frequent visitors to watermelon flowers, a trend in 
watermelon pollination studies (Kremen et al., 2004; Pisanty et al., 2016; Winfree et al., 
2008). Syrphid flies were by far the most common of the other insects that visit 
watermelon (M. Jenkins, personal observation). Despite growers and others placing 
honey bee hives near all fields to provide pollination services to the watermelon crop, 
they were not the most frequent visitors after calculating the mean visits from all fields. 
However, fields varied considerably in terms of visitation rates by pollinator groups; 
some fields were visited evenly by all six pollinator groups, and some were dominated by 
two or three pollinator groups.  
Previous studies have shown that many native bee species are more efficient 
pollinators of watermelon flowers because they deposit more pollen on watermelon 
stigmas per visit, tend to forage earlier in the morning when watermelon stigmas are 
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more receptive, and have a higher visitation rate due to faster foraging behavior than that 
of A. mellifera (Campbell et al., 2018; Kremen et al., 2002; Stanghellini et al., 2002). For 
example, the common eastern bumble bee, Bombus impatiens, begins foraging 15 -  40 
min earlier than A. mellifera, visits more watermelon flowers per minute and deposits 
more pollen, especially during the early hours of anthesis (Stanghellini et al., 2002). 
Bombus impatiens deposits on average 369.8 (SE ± 68.3) pollen grains per visit on 
watermelon stigmas and Melissodes spp.  deposits 338.6 (SE ± 38.1) grains, compared to 
A. mellifera which deposits 177.4 (SE ± 31.5) grains per visit (Campbell et al., 2018).  A 
minimum of 500 - 1000 pollen grains is required to successfully pollinate a watermelon 
flower, meaning six or more honey bee visits to set viable fruit versus two to three visits 
from a more effective forager such as Bombus spp. or Melissodes spp. (Adlerz, 1966; 
Stanghellini, 1997).  Therefore, it is especially important to support native bee 
populations for a crop like watermelon, which is more effectively pollinated by wild bees 
and might be more vulnerable to declines in honey bee visitation. In addition, behavioral, 
physiological and morphological differences in a diverse pollinator community lead to 
complementary resource use (niche complementarity) and enhanced pollination 
efficiency (Hoehn et al., 2008). Interspecific interactions between honey bees and wild 
bees can increase honey bee efficiency as honey bees are more likely to move more 
quickly and between rows when wild bees are present, resulting in higher fruit or seed set 
(Brittain et al., 2013; Carvalheiro et al., 2011; Greenleaf and Kremen, 2006). If honey bee 
populations continue to decline and hive rental costs increase, native pollinators can 
buffer these losses and provide essential pollination services, given that management 
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efforts on farms allow them to persist. An estimated thirty million dollars per year could 
be redirected to conserving and restoring bee habitat if honey bee rentals by farmers were 
reduced by 15 - 50% (Kremen et al., 2002).  An added incentive for farmers is that 
restoration costs can be partially covered for farmers and landowners by the Conservation 
Reserve Program in the US and Agri-Environment Schemes in Europe (Kremen et al.  
2002).  Also Kremen et al.  (2002) found that in California, about 50% of the wild bee 
species that visit watermelon visit other crops with equivalent or lower pollination 
requirements, so the bee community is likely providing pollination services for multiple 
crops, especially ones that honey bees cannot pollinate (i.e. cherry tomatoes). My results 
also show that in both treatment and control fields, the pollinator community was not 
dominated by one group of pollinators, indicating a diverse and sustainable source of 
pollination services to watermelon crop in my study area.  
The most frequent pollinator of watermelon in my study was the tiny bee group, 
mostly consisting of Lasioglossum (Dialictus) spp., small ground-nesting halictid bees. 
Lasioglossum (Dialictus) consists of small andreniform bees 3.4 - 8.1 mm long (Gibbs, 
2011), well known for their diverse behaviors ranging from solitary (Packer, 1994), to 
communal (Eickwort, 1988), to semisocial (Sakagami et al., 1984), or eusocial (Batra, 
1966; Eickwort, 1986). Colony sizes range from small (mean worker number less than 2 
(Packer, 1992) to large (>100 workers, (Michener, 1966). This pollinator group was the 
only one in my study where we found significant differences in visitation rates in 2016 
and 2017 between fields with wildflowers and control fields. Even with a relatively small 
area of floral diversity added to the farm landscape, the fields with wildflowers differed 
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in visitation rate by tiny bees of more than 9 times in 2016 and more than 3 times in 
2017. Lasioglossum (Dialictus) were also the most frequent visitor of the six pollinator 
groups in fields with wildflowers in the field in 2018. Lasioglossum spp. tend to deposit 
lower levels of pollen per visit on watermelon stigmas (Kremen et al., 2002) with a mean 
of 138.7 (SE ± 33.8 grains) (Campbell et al., 2018). Other factors such as floral fidelity 
and foraging activity period contribute to foraging efficacy of pollinators, but floral 
visitation rates are the most important predictor of actual pollination (Vázquez et al., 
2005). Thus, since these bees had the highest visitation rate in treatment fields and 
foraged at earlier times in the morning, they might be important pollinators of 
watermelon despite their relatively low per-visit pollen deposition. Lasioglossum spp. are 
probably nesting in sandy, loamy soil near or within the field because their small size 
limits their foraging range (Gibbs, 2011; Greenleaf et al., 2007). Therefore, supporting 
their populations depends on tillage and spraying practices that limit soil disturbance. 
Lasioglossum spp. frequently foraged on wildflowers (Z.elegans, C.sulphureus, 
C.tinctoria, G.pulchella) planted in the treatment fields in 2016 and 2017 and within the 
fields in 2018, so they may benefit from higher floral diversity on agricultural fields (M. 
Jenkins, personal observation). They might have had higher visitation when these 
wildflowers were in the fields in 2018 because of their small foraging range or they might 
be more attracted to the floral species in the field compared to ones nearby the field. 
More research is needed on this speciose genus, of which there is still relatively little 
understood of the natural histories, which is necessary to develop management plans that 
can effectively protect them. 
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Honey bees had a significantly higher visitation rate in control fields than 
treatment fields in 2017 (and in 2016 but it was not statistically significant). This could 
be due to reduced competition with other native bees and insects that are drawn to an area 
and thus are more abundant when wildflowers are present. Alternatively, honey bees 
might have relied more on C. lanatus pollen and nectar when other floral resources were 
lacking nearby. Although honey bees were not commonly seen visiting wildflowers (Z. 
elegans, G. pulchella, C. tinctoria, C. sulphureus) in my treatment fields, they frequently 
visited “weedy” and cover crop flowers on roadsides and field edges near my treatment 
fields such as purple vetch (Vicia americana), wild mustard (Sinapis sp.), verbena 
(Verbena hastata) and white and red clover (Trifolium spp.) (M. Jenkins, personal 
observation). Efforts to support honey bees should include considerations of what floral 
species attract them. Additional floral resources in agricultural fields benefit honey bees 
because a more diverse source of nutrients and pollen improves the health and immune 
response of their brood (Alaux et al., 2010; Di Pasquale et al., 2013) and possibly 
decreases their risk of overexposure to pesticides commonly sprayed in agricultural 
fields. 
In 2016 and 2017, the presence of wildflowers in watermelon fields affected 
visitation to watermelon flowers by just one pollinator group (tiny bees), while all other 
pollinator groups only saw small differences in visitation frequency between control and 
treatment fields. The overall visitation was slightly higher in control fields than in 
treatment fields in 2016; the opposite was seen in 2017, and visitation rates were higher 
in fields with wildflowers nearby than in fields with wildflowers in the field in 2018, but 
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not significantly different for any year. There could be multiple environmental effects 
unrelated to wildflower presence that made detecting any difference between my 
treatments challenging. The effects of additional resources provided by hedgerows and 
wildflower strips depend on crop identity and local landscape context (Sardiñas and 
Kremen, 2015). The proportion of semi-natural habitat in an area can strongly influence 
the effect of additional floral resources and the extent to which pollinator communities 
rely on them. Thus, on-farm resources are likely more important and have a greater effect 
in agricultural areas with less semi-natural habitat nearby (Garratt et al., 2017; Tscharntke 
et al., 2005) The fields in my study were mostly in areas with high levels of habitat 
heterogeneity, consisting of small agricultural fields with weedy flowers growing along 
field edges, nearby roadsides and ditches. My study area in Charleston, South Carolina, 
and surrounding rural areas does not exhibit extreme agricultural intensity and most fields 
are within a few meters of pine forest, saltmarsh, or fallow fields. Thus, the diversified 
on-farm management and amount of semi-natural and natural areas surrounding farms in 
my study likely contribute to supporting a diverse pollinator community. High rates of 
human population increase in the Southeast and Charleston area specifically might 
change this with more intense land use and urbanization. In addition, the accessible 
flowers of C. lanatus attract a wide variety of generalists and specialists of different 
foraging ranges and habitat requirements, so the effects of wildflower strips in fields 
might not be as pronounced. Systems that more intensely rely on specialist pollinators 
may be more affected by additional resources depending on the nesting and food 
requirements and foraging ranges of the pollinator community. 
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In my 2018 study comparing visitation rates to C. lanatus between fields with 
wildflowers within the field versus near the field along the edges, large bees were the 
only pollinator group whose visitation rates were significantly different between field 
type, with higher visitation rates in fields with wildflowers nearby. This result implies 
that large bees are more apt to visit watermelon flowers when wildflowers are slightly 
further away from the crop flowers, along the field edges rather than intermixed in the 
field. These bee species could also be more drawn to the particular floral species on field 
edges instead of the wildflower species in the field.  Xylocopa spp. and Bombus spp. in 
the large bee group can fly longer distances from their nests than smaller bees (Greenleaf 
et al., 2007), so they may detect floral resources at a larger spatial scale than can small 
solitary bees, that tend to nest near the preferred floral resource and not travel far in a 
foraging bout. One difficulty in detecting differences in visitation frequency might be due 
to the similarity between the fields with wildflowers nearby and in the field. The distance 
of the wildflowers from the crop row edge versus within the field may not have made a 
difference due to the mobility of all pollinators. Overall, the visitation rates to C. lanatus 
declined from 2016 to 2018 in my fields, which may be a point of concern for 
watermelon growers, although pollination environments are highly stochastic temporally 
and spatially. A three year assessment might not be sufficient to determine if a real 
decline is occurring (Roubik, 2001; Williams et al., 2001). 
Wild bees also provided the majority of visits (62%) to watermelon in New Jersey 
and Pennsylvania across multiple land-use gradients (Winfree et al., 2008), providing 
sufficient pollination services at >90% of farms (Winfree et al., 2007). However, in 
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central California, honey bees were the dominant watermelon pollinator; wild bees 
contributed 34% of floral visits and were highly dependent on the proportion of natural 
upland habitat within 1.0 - 2.5 km of the farm (Kremen et al., 2004). Similarly, in central 
Florida, honey bees were five times more abundant than were bumble bees in watermelon 
fields, which were not common even though B. impatiens colonies were stocked in the 
fields (Campbell et al., 2018). In central Israel, wild bees only accounted for 15% of 
visits and honey bees the remaining 85% even though most of the research fields did not 
have honey bees placed at the field (Pisanty et al., 2016). Benton et al. (2003) suggested 
that habitat heterogeneity is the key to restoring and maintaining biodiversity in 
temperate agricultural systems, and several studies find that distance to natural or semi-
natural areas is an important predictor of crop pollination services (Blanche et al., 2006; 
Klein, 2009; Kremen et al., 2004). The relatively low level of agricultural intensity in my 
area, smaller field sizes and floral species richness of crops and weedy flowers in 
surrounding fields might have led to the large contribution of wild bees to the pollination 
services in my study, similar to the results of Winfree et al. (2008). These small scale 
diversified agro-landscapes are globally threatened by agricultural intensification (Tilman 
et al., 2001), so this region should focus on limiting development or intensification of 
agriculture to ensure the future of local wild bee populations.  
The lack of correlation between the density of the watermelon flowers and the 
total visitation rate is surprising, given that the opposite result is usually seen in plant-
pollinator interaction studies. Higher plant density tends to correlate with higher floral 
visitation rate and higher floral constancy, leading to higher seed/fruit set (Kunin, 1993; 
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Steffan-Dewenter and Tscharntke, 2002). High floral species richness and close 
proximity to natural areas may limit this density-dependent effect on agricultural fields 
during the crop bloom period, especially if the crop flower is not as attractive as floral 
species in the surrounding land area.  
 Lastly, increasing floral diversity in the agro-landscape with wildflower strips 
and/or hedgerows has benefits beyond enabling pollinators to persist in the landscape and 
promoting crop pollination. These areas also provide habitat and food resources for 
beneficial insects such as predatory and parasitoid flies and wasps that control crop pests 
(Balzan et al., 2016b; Ramsden et al., 2015), intrinsically valuable and rare or endangered 
species (Morandin and Kremen, 2013; Sardiñas and Kremen, 2015), and wildlife that rely 
on diverse insect communities as a food source (Staley et al., 2012). Supporting native 
pollinator populations also benefits wild plants and ecosystems since many crop 
pollinating species are generalists that pollinate many plant species, promoting 
conservation and biodiversity across agro-landscapes (Kremen et al., 2002). Measures to 
conserve wild pollinators will in turn conserve the regulating ecosystem services they 
provide which are critical to maintaining ecosystem function worldwide and conserving 
biodiversity and the intrinsic value of pollinators (Intergovernmental Science‐Policy 
Platform on Biodiversity and Ecosystem Services, 2016; Kleijn et al., 2015).  
CONCLUSION 
Native pollinators play an important role in providing pollination services for a variety of 
crops and are keystone species in ecosystems worldwide (Garibaldi et al., 2013; Kleijn et 
al., 2015; Klein et al., 2007). Diversifying farms to support biodiversity is key to 
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reducing the impact that agricultural intensity has on ecosystems (Kennedy et al., 2013). 
While agricultural landscapes can support abundant pollinator populations, the current 
declines in both honey bees and native bees display the negative impacts of habitat 
degradation and intense land use (Potts et al., 2010). For many crops, such as 
watermelon, the issue is compounded by their complete reliance on pollinators to produce 
fruit (Delaplane et al., 2000). My study is a response to the call for more science on 
native bees in agricultural systems, crop interactions and creating farm conditions that 
increase the abundance and diversity of wild pollinator populations. Planting wildflower 
strips to increase floral diversity and allowing weedy flowers to grow on field margins 
are two simple and inexpensive methods that farmers can implement and reap the 
benefits of a more stable, resilient, and sustainable pollinator community that does not 
rely on a single species. 
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Figure 1.1 Proportion of visits to watermelon flowers by six pollinator groups. Large bees 
consisted of Bombus spp. and Xylocopa spp., medium bees included Melissodes spp., Halictus 
spp., and Megachile spp., green bees included Agapostemon spp. and bees in the Augochlorini 
tribe, tiny bees included Lasioglossum spp., Ceratina spp., honey bees (Apis mellifera), and other 
insects included Lepidopterans, Dipterans, and other Hymenopterans (occasional Hemipterans 
were observed in flowers and were excluded because they were mostly predatory species; 
occasional Diabrotica undecimpunctata (Chrysomelidae) were also observed but were excluded 
because they are considered cucurbit pests).  
2018 
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Table 1.1 Effect of treatment, season, and treatment*season interaction on visitation 
frequency (mean number of visits per 45 second observation of 1m2 watermelon plots) of 
6 pollinator groups and the sum of all visits on watermelon flowers in 2016-2018.  
 
2016 
Treatment   Season    Treatment*Season 
df F p  df F p df F p 
total all groups 1,23 0.12 0.74  2,23 0.95 0.40 2,23 2.50 0.10  
Large Bees  1,23 2.67 0.11  2,23 1.69 0.21 2,23 0.43 0.65 
Medium Bees 1,23 0.76 0.39  2,23 0.23 0.79 2,23 0.58 0.56 
Green Bees 1,23 0.09 0.76  2,23 0.39 0.68 2,23 1.03 0.37 
Tiny Bees 1,23 10.78 0.003*  2,23 1.38 0.27 2,23 0.86 0.44 
Honey Bees 1,23 2.63 0.12  2,23 0.82 0.45 2,23 1.68 0.21 
Others  1,23 0.37 0.55  2,23 2.03 0.15 2,23 1.20 0.32 
 
2017 
Treatment   Season    Treatment*Season 
df F p  df F p df F p 
total all groups 1,34 0.83 0.37  2,34 21.03 <.0001 2,34 0.40 0.67 
Large Bees 1,34 0.00 0.98  2,34 2.86 0.07 2,34 0.20 0.82 
Medium Bees 1,34 2.5 0.12  2,34 0.07 0.93 2,34 1.05 0.36 
Green Bees 1,34 0.21 0.65  2,34 10.53 <.001* 2,34 0.014 0.87  
Tiny Bees 1,34 7.78 0.009*  2,34 3.69 0.04* 2,34 1.62 0.21 
Honey Bees 1,34 8.21 0.007*  2,34 16.77 <.0001*2,34 5.91 0.006* 
Others  1,34 0.00 0.97  2,34 3.97 0.03* 2,34 1.64 0.21 
 
2018 
Treatment   Season    Treatment*Season 
df F p  df F p df F p 
total all groups 1,15 3.76 0.07  2,15 0.24 0.79 2,15 4.20 0.04* 
Large Bees 1,15 5.48 0.03*  2,15 0.28 0.76 2,15 0.57 0.57 
Medium Bees 1,15 2.46 0.14  2,15 0.86 0.44 2,15 0.25 0.78 
Green Bees 1,15 3.45 0.08  2,15 0.35 0.71 2,15 1.58 0.24 
Tiny Bees 1,15 1.13 0.30  2,15 0.16 0.85 2,15 0.97 0.40 
Honey Bees 1,15 0.63 0.44  2,15 0.15 0.86 2,15 1.24 0.32 
Others  1,15 0.01 0.94  2,15 0.17 0.85 2,15 0.56 0.58 
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Figure 1.2 Mean visitation frequency per pollinator group on watermelon flowers in 
fields with and without wildflower treatments. Large bees consisted of Bombus spp. and 
Xylocopa spp., medium bees included Melissodes spp., Halictus spp., and Megachile 
spp., green bees included Agapostemon spp. and bees in the Augochlorini tribe, tiny bees 
included Lasioglossum spp., Ceratina spp., honey bees (Apis mellifera), and other insects 
included Lepidopterans, Dipterans, and other Hymenopterans. Error bars are 1 standard 
error from the mean. Tiny bees were significantly higher in treatment fields than in 
control fields in both 2016 (F(1, 23)=10.78 , p=0.003) and 2017 (F(1,34)=7.78, p=0.009). 
Honey bees were significantly higher in control fields than in treatment fields in 2017 
(F(1, 34)= 8.21, p=0.007). No significant differences were found for the other pollinator 
groups between control and treatment field visitation frequency. 
 
 
 
 
2016  
2017   
2017 
p<.01 
p<.01 
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Figure 1.3 Mean visitation frequency per pollinator group on watermelon flowers in 
fields with wildflowers (WF) in the field vs. wildflowers near the field in 2018. Large 
bees consisted of Bombus spp. and Xylocopa spp., medium bees included Melissodes 
spp., Halictus spp., and Megachile spp., green bees included Agapostemon spp. and bees 
in the Augochlorini tribe, tiny bees included Lasioglossum spp., Ceratina spp., honey 
bees (Apis mellifera), and other insects included Lepidopterans, Dipterans, and other 
Hymenopterans. Error bars are 1 standard error from the mean. Large bees were the only 
group that differed significantly in visitation frequency between the two field types 
(F(1,15)=5.48, p=0.03), with higher visitation in fields with wildflowers nearby. 
 
 
 
 
 
 
 
 
 
 
 
 
 
p=0.03 
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Table 1.2 Means and standard errors of visitation frequency of six pollinator groups and 
the sum of all visits by year and by treatment (control/no wildflowers=C, 
treatment/wildflowers=T, within=wildflowers within field, near=wildflowers near field). 
Large bees consisted of Bombus spp. and Xylocopa spp., medium bees included 
Melissodes spp., Halictus spp., and Megachile spp., green bees included Agapostemon 
spp. and bees in the Augochlorini tribe, tiny bees included Lasioglossum spp., Ceratina 
spp., honey bees (Apis mellifera), and other insects included Lepidopterans, Dipterans, 
and other Hymenopterans. 
 
  2016   2017   2018 
  Mean SE     T/C Mean SE     T/C Mean SE    T/C   
Total Sum 3.24 0.45      C 2.09 0.32      C 1.62 0.25      Within 
  3.03 0.28      T 2.78 0.39      T 2.31 0.29       Near 
Large Bees  0.90 0.24      C 0.35 0.10      C 0.20 0.12      Within   
    0.43 0.05      T 0.41 0.10      T 0.93 0.21       Near 
Medium Bees   0.85 0.34      C 0.24 0.07      C 0.14 0.07      Within 
   0.54 0.14      T 0.44 0.11      T 0.26 0.07       Near  
Green Bees 0.13 0.07      C 0.08 0.03      C 0.18 0.06      Within 
  0.06 0.02      T 0.08 0.03      T 0.03 0.01       Near  
Tiny Bees 0.17 0.08      C 0.33 0.06      C 0.66 0.2      Within 
  1.59 0.30      T 1.10 0.24      T 0.39 0.14       Near 
Honey Bees 1.09 0.32      C 0.93 0.21      C 0.33 0.21      Within 
  0.26 0.11      T 0.58 0.16      T 0.55 0.18       Near 
Others  0.09 0.02      C 0.16 0.04      C 0.11 0.03      Within 
  0.15 0.02      T 0.18 0.03      T 0.15 0.04       Near 
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Table 1.3. Means and standard errors of visitation frequency of six pollinator groups and 
sums of all visits by year and by season (early=May 15-June 15, mid=June 16-July 15, 
late=July 16-Aug 21). Large=large bees i.e. Bombus spp. and Xylocopa spp., 
Med=medium bees i.e. Melissodes spp., Halictus spp., and Megachile spp., Green=green 
bees i.e. Agapostemon spp. and bees in the Augochlorini tribe; Tiny=tiny bees i.e. 
Lasioglossum spp., Ceratina spp.; Honey=honey bees (Apis mellifera); Others=other 
insects i.e. Lepidopterans, Dipterans, and other Hymenopterans. 
 
2016   2017   2018 
Early Mid Late Early Mid Late Early Mid Late 
           Mean SE   Mean SE   Mean SE   Mean SE   Mean SE   Mean SE   Mean SE    Mean SE    Mean SE 
Total    3.51   0.66   3.29   0.27   2.63   0.23   1.30   0.17   1.87   0.32   4.14   0.34   2.24   0.49   1.92   0.34   1.89   0.24 
Large   0.50   0.16   0.96   0.26   0.40   0.07   0.19   0.12   0.34   0.12   0.59   0.08   0.78   0.34   0.82   0.24   0.25   0.14 
Med     0.93   0.42   0.66   0.24   0.44   0.13   0.32   0.10   0.32   0.12   0.40   0.13   0.16   0.11   0.24   0.06   0.24   0.10 
Green   0.10   0.05   0.13   0.09   0.04   0.02   0.05   0.03   0.01   0.00   0.19   0.04   0.03   0.02   0.04   0.02   0.21   0.08 
Tiny     1.26   0.63   0.58   0.23   1.27   0.23   0.28   0.10   0.59   0.16   1.27   0.34   0.51   0.17   0.31   0.15   0.71   0.27 
Honey  0.63   0.29   0.85   0.35   0.31   0.18   0.31   0.10   0.50   0.18   1.42   0.24   0.65   0.28   0.32   0.16   0.40   0.26 
Others  0.08   0.02   0.11   0.03   0.17   0.02   0.14   0.03   0.13   0.03   0.26   0.06   0.11   0.04   0.19   0.07   0.09   0.02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 40
Table 1.4 Means and standard errors of overall visitation frequency by year and by 
treatment in 2016-2018.  
 
Mean     SE n Treatment Year 
3.24    0.45 3 Control 2016 
3.03    0.28 3 Treatment 2016 
2.09    0.32 5 Control 2017 
2.77    0.39 5 Treatment 2017 
1.63    0.25 3 Within Field 2018 
2.31    0.29 5 Near field 2018 
 
Mean Overall Visitation Rate  SE n Year 
3.11     0.24 6 2016 
2.45     0.26 10 2017 
2.02     0.21 10 2018 
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Figure 1.4 Proportions of visits by 6 pollinator groups to watermelon flowers by field 
type and year. Large bees consisted of Bombus spp. and Xylocopa spp., medium bees 
included Melissodes spp., Halictus spp., and Megachile spp., green bees included 
Agapostemon spp. and bees in the Augochlorini tribe, tiny bees included Lasioglossum 
spp., Ceratina spp., honey bees (Apis mellifera), and other insects included 
Lepidopterans, Dipterans, and other Hymenopterans. 
  Large Bees      Medium Bees      Green Bees      Tiny Bees        Honey Bees        Others 
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Figure 1.5 Correlation between mean density of watermelon flowers/m2 per field and 
mean sums of total visits per field per day in 2016-2018. A. Colored dots represent 
different field sites B. Colored dots represent treatment (C=control, T=treatment, 
WITHIN=wildflowers within the field, NEAR=wildflowers near the field). R2=0.000, 
y=2.607+0.007114x 
 
 
A
B 
 43
 
Supplementary information 
 
Table 1.5 Wildflower species in 2016 treatment fields. 
 
1. Scarlet Flax – Linum grandiflorum rubrum 
2. Catch Fly – Silene armerla 
3. Annual Baby’s Breath – Gypsophila elegans 
4. Cornflower (Bachelor’s button) – Centaurea cyanus 
5. Annual Gaillardia (Indian blanket) – Gaillardia pulchellia 
6. Bachelor’s Button Tall mixed/Cornflower – Centaurea cynnus – Tall mixed 
7. Cosmos – Cosmos bipinnatus 
8. Sulphur Cosmos – Cosmos sulphureus 
9. Plains Coreopsis – Coreopsis tinctoria 
10. Sweet Alyssum – Lobularia maritima 
11. Black eyed Susan, coastal plain NC Ecotype. Rudbeckia hirta  
12. Spurred Snapdragon (Northern Lights) – Linaria maroccana 
13. Annual Phlox – Phlox drummondii 
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CHAPTER TWO 
NATIVE POLLINATOR ASSEMBLAGE OF WATERMELON ON SOUTH 
CAROLINA FARMS  
 
Abstract-Agricultural landscapes can be attractive to pollinator species during periods of 
crop bloom, but a lack of floral resources beyond the crop flowering period, diminished 
natural areas nearby, an increase in the use of chemicals to control pests and disease, and 
frequent soil disturbance makes current agricultural systems unfavorable for many 
pollinator species. From 2016-2018, I investigated whether diversifying watermelon 
fields by transplanting wildflowers and retaining weedy flowers on field edges affected 
the species richness of wild pollinators. I found a higher species richness of wild 
pollinators in fields with higher floral diversity in both the watermelon and wildflower 
pollinator assemblages. I collected 59 species of native pollinators that visited 
watermelon flowers in 21 fields in central and coastal South Carolina. The number of bee 
species collected per year visiting C. lanatus was similar across years—with 35, 34 and 
33 species collected in 2018, 2017 and 2016 respectively. Nomada vegana, a small 
cleptoparasitic bee, is a new state record for South Carolina. Most of these species were 
social ground nesting bees, but solitary ground nesting bees, cavity nesting bees, 
cleptoparasites, and bumble bees as well as syrphid flies, butterflies and wasps were 
collected visiting watermelon flowers and wildflowers. This study supports the 
management practice of planting wildflowers or hedgerows on farms to support a diverse 
community of wild pollinators for their pollination services and their role in natural 
ecosystems.  
INTRODUCTION 
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Global declines in biodiversity have led to the 6th mass extinction event on earth, 
threatening ecosystems, species persistence and ecosystem services (Butchart et al., 
2010). Pollinator populations have been sharply declining in the past 50 years, due to a 
combination of stressors including parasites, habitat destruction, lack of floral resources, 
and pesticide use (Goulson et al., 2015; National Research Council (U.S.), 2007). The 
European honey bee Apis mellifera remains the most important managed agricultural tool 
for pollination, but is also facing multiple threats resulting in average annual losses in the 
US around 40 - 50% since 2006 (Lee et al., 2015).   
Wild pollinators are less understood but the most well-studied group, bumble 
bees, are exhibiting significant declines and range reductions (Colla and Packer, 2008; 
Goulson et al., 2008; Potts et al., 2010; Steffan-Dewenter et al., 2005; Williams and 
Osborne, 2009). The Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services estimated that 40% of the world’s invertebrate pollinators are at risk 
of extinction (Intergovernmental Science‐Policy Platform on Biodiversity and 
Ecosystem Services, 2016), but little to no information exists about many wild species 
(Goulson  et al., 2015). Conserving the global biodiversity of pollinators is increasingly 
important considering the growing demand for food production from an expanding 
human population (Kluser and Peduzzi, 2007) and a growing demand specifically for 
pollinator-dependent crops (Aizen et al., 2008; Intergovernmental Science‐Policy 
Platform on Biodiversity and Ecosystem Services, 2016). Understanding alternative 
sources of pollination and methods of supporting wild pollinator populations is critical to 
ensure the future of global food security. 
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  In natural ecosystems worldwide, pollinators are keystone species with more than 
90% of flowering plants relying on animal pollination for reproduction 
(Intergovernmental Science‐Policy Platform on Biodiversity and Ecosystem Services, 
2016). In general, a small minority of common bee species that are relatively robust to 
agricultural intensification provide most crop pollination services, with threatened species 
rarely visiting crops. Thus, other non-crop visiting pollinators must be considered in 
conservation measures, because they will not be supported by the same methods as 
robust, generalist crop-visiting species (Kleijn et al., 2015). In most regions of the world, 
little baseline data exist for bee communities to compare with current communities 
(Sheffield et al., 2013a) so there is a need for natural history studies and pollinator 
monitoring programs to create a better understanding of wild pollinator biology and 
populations. 
More than 75% of the world’s leading food crops rely on animal pollination for 
maximum quality and yield (Klein et al., 2006). Multiple crops exhibit a positive 
correlation between fruit or seed set and species richness of pollinator community, i.e. 
coffee (Klein, 2009), sunflower (Sardiñas and Kremen, 2015), and pumpkin (Hoehn et 
al., 2008). A higher species richness of wild insects on farms is associated with higher 
abundance of flower visitors and enhanced crop pollination (Garibaldi et al., 2014).  
Larger scale production of many pollinator-dependent crops to sustain production growth 
has led to reductions in natural or semi-natural areas near agricultural lands (Garibaldi et 
al., 2014), which decreases the richness and abundance of wild pollinators such 
butterflies, flies, wasps and bees (Winfree et al., 2011), leading to diminished crop 
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pollination services (Garibaldi et al., 2011).  Isolation from important floral and nesting 
resources in natural areas are likely to be the most important factors explaining the 
decline in abundance and diversity of native bees and corresponding loss in pollination 
services, as well as the use of insecticides and herbicides in conventional agriculture 
(Kearns et al., 1998; Kremen et al., 2002). The current global trend in agriculture 
degrades agro-ecosystems, natural habitats and the ecosystem services these areas 
provide (Tilman et al., 2001). In terms of pollination services, these trends will 
exacerbate farmers’ reliance on managed pollinator species unless native pollinator 
species can be restored.  
To achieve adequate native insect pollination to maximize crop yields, a farm 
landscape must provide sufficient nesting and floral resources to support pollinators 
throughout the year. One commonly suggested method of improving conditions for 
pollinators in agro-landscapes is planting alternative floral resources, i.e. wildflower 
strips or hedgerows, to increase floral diversity, food resources and potential nesting 
resources (Carreck and Williams, 2002; Garibaldi et al., 2014; Heard et al., 2007; 
Kremen et al., 2004). Wildflowers and hedgerows can provide food and nesting resources 
for bees and other pollinators, as well as predatory and parasitic insects, enhancing 
species richness and abundance of these beneficial insects (Garibaldi et al., 2014). The 
effects of this method of on-farm pollinator enhancement on biodiversity conservation 
and crop pollination remains unstudied for many crop systems and different ecological 
contexts (Morandin and Kremen, 2013; Winfree, 2010). 
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My study focused on watermelon, Citrullus lanatus L., a monoecious crop grown 
on 3,035 hectares in South Carolina in 2017 and worth $33.7 million in value of 
production (2017 State Agricultural Overview, 2017). Watermelon is the largest acreage 
vegetable crop grown in South Carolina, with commercial production centered in the 
lowcountry and sand hills region of the upstate (South Carolina Department of 
Agriculture, 2019). The use of honey bee hives to provide pollination services to this crop 
is common practice, and much of the available extension information and other 
publications cite honey bees as the primary watermelon pollinator (i.e. (Morse and 
Calderone, 2000; UGA, 2017). However, research in California and New Jersey 
recognizes the contribution of a broad suite of native bees to watermelon pollination, 
many of which are more efficient pollinators on a per-visit basis than honey bees  
(Kremen et al., 2002; Winfree et al., 2008). No previous studies of this kind have 
investigated the wild pollinators of watermelon in this region, and the only previous 
studies or surveys on bees or pollinators in South Carolina are the state records from 
Droege et al. (2011) and two studies on cavity nesting bees (Horn and Hanula, 2004; 
Jenkins and Matthews, 2004). The objectives of this research are to (1) inventory the wild 
pollinator assemblage of watermelon in South Carolina to better understand the 
pollination system in this region, (2) inform management decisions for habitat 
requirements based on the specific pollinator community composition, and (3) determine 
if providing higher floral diversity on farms by transplanting wildflowers and retaining 
weedy flowers affects species richness of the pollinator community.  
MATERIALS AND METHODS 
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Study species 
Watermelon (Citrullus lanatus L.) is a monoecious flowering crop that is entirely 
dependent on insect pollinators to set fruit (Delaplane et al., 2000). Young watermelon 
seedlings were planted in fields between March and May, with peak flowering occurring 
in June and July, and a total flowering period of approximately two months. Watermelon 
flowers open one to two hours after sunrise, close between noon and 1330 EDST 
depending on weather conditions, and do not reopen once closed (Mcgregor, 1976, M. 
Jenkins, personal observation). Multiple varieties were planted in my study sites, 
including both triploid seedless variety SP7 and diploid seeded varieties Charleston Grey, 
Crimson Sweet and Sugar Baby. 
Study sites 
The study was conducted in coastal and central South Carolina in Charleston, 
Barnwell, and Bamburg Counties in the Southern Coastal Plain and Middle Atlantic 
Coastal Plain ecoregions of the southeastern US. In 2016, six watermelon fields served as 
independent sites at Clemson University Coastal Research Center in Charleston, South 
Carolina, Clemson University Edisto Research Center in Blackville, SC and a 
commercial grower’s field in Olar, SC. The fields were separated by at least 500 m and 
ranged in size from 0.1 – 2 hectares. Three fields were conventional monoculture 
watermelon fields and three fields were “diversified” fields, containing wildflowers 
and/or other co-flowering crop species intermixed with the watermelon crop. Wildflower 
plantings consisting of thirteen species of native wildflowers (Supplementary Info Table 
2.10) were transplanted into the three “diversified” fields in four 2 meter long sections 
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within each row in the spring of 2016. The wildflowers flowered before, during, and after 
the watermelon flowering period of each field. The fields adjacent to all study sites 
contained a range of crops consisting of tomatoes, corn, watermelon, squash, cantaloupe 
and cucumber but were separated from my fields by at least 100m. 
In the 2017 study, I paired fields together in blocks to account for environmental 
heterogeneity in the landscape, climate, and other factors that could also influence 
pollinator communities and behavior. Five treatment fields were paired with five control 
fields in similar locations and with similar conditions in terms of chemical spraying, 
flowering period of watermelon, and field size. Six of these fields were at the Clemson 
Coastal Research Center in Charleston SC, two fields at Clemson Edisto Research Center 
in Blackville, SC, and two at a small polyculture farm on John’s Island, SC. Each 
treatment field had one ~60m x 1m row of wildflowers on one edge of the field that 
flowered before, during and after the watermelon flowering period. The wildflower strips 
consisted of 20 plots of four wildflower species transplanted as seedlings into plots along 
a row. Each of the four flower species comprised five 1m2 plots with 20 plants per plot, 
separated by 1m between each plot. The wildflower seeds were not treated and were 
germinated from seed in February and March at the USDA Vegetable Laboratory in 
Charleston, SC in a greenhouse and outdoors. They were transplanted into each treatment 
field in April or May 4-6 weeks before watermelons were transplanted into each field so 
that they would be flowering before watermelon. The four wildflower species, Yellow 
Zinnia (cardinal) (Zinnia elegans), Indian blanket (Gaillardia pulchella), Plains 
Coreopsis (Coreopsis tinctorial) and Sulphur Cosmos (Cosmos sulphureus), were chosen 
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based on drought tolerance, hardiness, length of flowering period, difference in flowering 
phenology, and my observations in watermelon fields in 2015 of their attraction to a wide 
diversity of pollinators. The control watermelon fields did not contain wildflower strips.  
  In 2018, ten fields in Charleston and Barnwell Counties, SC were included in the 
study. All fields this year contained wildflowers but differed in wildflower location; 
wildflowers were either in the field or near the field within 50-100m. Five fields were 
located on two small polyculture farms on John’s Island, SC, at Clemson Edisto Research 
Center in Blackville, SC and Clemson Coastal Research Center in Charleston, SC with 
multiple crops present and weedy flowers and wildflowers within 50-100 m of the field 
edges. Zinnia elegans, Verbena hastata, and Monarda fistulosa, made up the majority of 
the wildflower species near these fields. Three fields were also located at the Clemson 
Coastal Research and Education Center in Charleston SC and contained transplantings of 
four wildflower species (G.pulchella, Z.elegans, C. tinctoria, C.sulphureus) in 60m x 1m 
strips along one edge of each field, as was done in treatment fields in 2017. In 2016-
2018, two to three honey bee hives were placed near all the fields. No commercial 
Bombus impatiens colonies were placed near the fields. 
Pollinator collection 
To determine the effect of different treatment types on fields in terms of pollinator 
biodiversity and community composition, I collected insects visiting watermelon flowers 
using aerial nets in 21 watermelon fields in South Carolina. All insects were frozen, 
pinned, and identified by Mimi Jenkins and Sam Droege (US Geological Survey Native 
Bee Inventory and Monitoring Lab, Beltsville, Maryland). From 2015 - 2018, I collected 
 52
insects visiting open watermelon flowers and wildflowers throughout the field for 20 - 30 
minutes on multiple days per field, in varying weather conditions but always over 70 
degrees F. I focused on species that are impossible or difficult to identify in the field such 
as Lasioglossum spp., Megachile spp., and Halictus spp. and stopped collecting 
individuals of certain common species (Bombus impatiens, Bombus fraternus, Melissodes 
bimaculata) whenever ~50 specimens had been collected and I became more certain of 
my field identification. Due to varying numbers of volunteers available, distances to 
fields, and weather conditions, sampling effort differed among fields.  
In 2016, I also collected insects using plastic cups, or “bee bowls”, for ten days in 
two fields. The bowls were provided by Sam Droege (USGS Bee Monitoring and 
Inventory lab), were painted with UV reflecting paint (blue, white and yellow), filled 
with soapy water, and collected into alcohol after 24 hours on rain-free days. Thirty 
bowls were mounted onto 30.5 cm tall stakes in each field and pounded into the ground 
along the rows of watermelon at random locations throughout the fields. This allowed the 
bowls to remain at canopy level. Insects were collected into 80% ethanol after 24 hours in 
the field and the cups were refilled with soapy water.  
Analysis 
 I considered insects collected from the bee bowls separate from net collected 
insects. Due to the sampling effort differences that affected the relative abundance of 
species, I created a species accumulation curve to estimate species richness based on 
sampling events. This allowed me to determine if I was close to reaching the true species 
richness within the pollinator community. Accumulation curves record how many species 
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are collected during sampling as more samples or individuals are added to the collection 
(Gotelli and Colwell, 2001). I also estimated species richness for each field with 
individual rarefaction, which uses an algorithm to repeatedly resample individuals or 
samples from the total pool in the collection and generate a rarefaction curve (Sanders, 
1968; Simberloff, 1978). This curve approximates the number of species for given 
subsample sizes (Gotelli and Colwell, 2001). I used this curve to account for differences 
in number of individuals collected at locations in each year of sampling to compare 
species richness between treatment and control fields. All rarefaction estimates were 
obtained using PAST (Hammer et al., 2001).  
To determine similarity of community composition, I created Jaccard’s similarity 
matrices by converting the data into presence/absence data. Similarity between 
community assemblages were calculated using the Jaccard incidence-based similarity 
index which ranges from 0 (no overlap between assemblages) to 1 (total overlap) and was 
calculated using PAST (Hammer et al., 2001). Jaccard indices were calculated using all 
species collected visiting the six most important floral species (C.lanatus, C.tinctoria, 
G.pulchella, C.sulphureus, Z.elegans, V.hastata). 
RESULTS 
From 2015-2018, I collected 2,696 insects, using aerial nets, in 21 watermelon 
fields in South Carolina.  The number of sampling events per field ranged from one to 
fourteen times (mean 6.31 SE ± 0.72) (Table 2.1). Since the focus of the study was to 
describe the pollinator community of C. lanatus, I collected 1,669 specimens (61.89%) 
from watermelon, and 1,006 total specimens from five wildflower species: 238 
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specimens (8.83%) from Coreopsis tinctoria, 178 (6.6%) from Cosmos sulphureus, 348 
(12.91%) from Gaillardia pulchella , 216 (8.01%) from Zinnia elegans and 47 (1.74%) 
from Verbena hastata. In 2016, I collected an additional 294 specimens using bee bowls 
at two fields in 2016. I also recorded 299 observations of species able to be identified by 
sight in the field or using photography (i.e. Lepidopterans, Bombus spp., Xylocopa spp., 
Melissodes bimaculata).  
Sam Droege took high quality photographs of several of my specimens and 
included them on his website 
(https://www.flickr.com/photos/usgsbiml/38016647111/in/album-72157688547596404/). 
A small sample of the voucher specimens are housed in the Smithsonian Institution’s 
National Museum of Natural History in Washington, DC and all other voucher specimens 
are housed in the Clemson University Arthropod Collection in Clemson, SC.  
I identified 82 total insect species (65 species that were collected with nets, 17 
species that were observed only) on watermelon fields in my study from C.lanatus, 
C.tinctoria, C.sulphureus, G.pulchella, Z.elegans, and V.hastata flowers. I identified 59 
insect species visiting C.lanatus specifically in 21 fields from 2015 - 2018, 91% of which 
are native bees from 4 families (Halictidae, Megachilidae, Apidae, Colletidae) (Table 2.2, 
Figure 2.1). Several species of skippers (Hesperiidae), syrphid flies, including Palpada 
sp. and Toxomerus sp., as well as a few butterfly (Agraulis vanillae) and wasp species 
(Campsomeris sp.) comprised the majority of the non-bee specimens and observed visits 
to watermelon flowers. This compares to pollinator communities of watermelon 
consisting of 39 and 31 insect species from studies in the northeastern US and Central 
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Valley of California, respectively, on about 17 farms each (Kremen et al., 2002; Rader et 
al., 2013).  The number of bee species collected per year visiting C. lanatus in my study 
was similar across years—with 35, 34 and 33 species collected in 2018, 2017 and 2016 
respectively. Nomada vegana, a small cleptoparasitic bee, is a new state record for South 
Carolina. 
I identified 60 insect species collected with nets from the wildflowers I 
transplanted in the fields (C. tinctoria, C. sulphureus, G. pulchella, Z. elegans) and the 
common “weedy” V. hastata (Table 2.3, Figure 2.1). The four wildflower species 
transplanted into fields attracted a mean of 25.75 SE ± 1.3 native bee species, in addition 
to honey bees and many other non-bee beneficial insects.  Zinnia elegans attracted more 
non-bee species than the other three wildflower species, including Monarch butterflies 
(Danaus plexippus) and three swallowtail butterfly species (Papilio spp.). Of the 59 total 
watermelon visitor species collected, 38 species (64%) were also collected visiting the 
five focal wildflower species.  
In 2016, I observed a slightly higher species richness of watermelon visitors in 
treatment fields (16.3 SE ± 0.88) than in control fields (11.6 SE ± 3) with a range of 6 - 
18 species. In 2017, I also observed a slightly higher species richness of watermelon 
visitors in treatment fields (16.4 SE ± 2.3) compared to control fields (15.2 SE ± 1.7), 
with a range of 10 - 23 species. In 2018, I observed a slightly higher species richness of 
watermelon visitors in fields with wildflowers nearby (15.2 SE ± 1.9) compared to fields 
with wildflowers within the field (13.5 SE ± 3.8) (Figure 2.2). I collected a mean of 22.3 
SE ± 4.4 and 27 SE ± 4.2 pollinator species at treatment fields on all floral species in 
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2016 and 2017, respectively, so the overall pollinator community species richness was 
higher as floral diversity increased. In 2018, I found a higher species richness when all 
floral species were included in fields with wildflowers within the field (26.8 SE ± 4) 
compared to fields with wildflowers nearby (20.5 SE ± 3.5). I collected more specimens 
in treatment fields (305 in 2016, 727 in 2017) than in control fields (147 in 2016, 166 in 
2017), which might be a result of a higher abundance of insects when more floral species 
were present, or the increased sampling effort in some treatment fields due to less 
traveling distance and other factors.  
The most abundant species in the collection is Lasioglossum callidum with 767 
specimens (27% of all specimens collected) which was collected at seven out of ten fields 
in 2017 and 2018, and at all six fields in 2016. It was collected on C. lanatus, C. 
tinctoria, C. sulphureus, G. pulchella, Z. elegans, and V. hastata. Because tiny bees and 
other insects that are impossible to identify to species in the field were prioritized during 
collection, the amount I collected does not necessarily correlate with abundance in 
nature; however, this pollinator group (tiny bees/Lasioglossum spp.) was also the most 
frequent visitor of watermelon flowers (Chapter 1).  
Another species that I widely observed and collected pollinating watermelon was 
Bombus impatiens with 137 specimens or 5% of total specimens (this species was not 
collected as often once they were verified because they are more easily identified in the 
field). It was observed in 5 out of 6 fields in 2016 and 9 out of 10 fields in 2017 and 
2018. It was collected on C. lanatus, C.sulphureus, G.pulchella,  Z.elegans, V.hastata, 
Rudbeckia hirta and Monarda fistulosa. A third common watermelon pollinator was 
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Melissodes bimaculata with 93 specimens or 3.4 % of the specimens (also more easily 
identified in the field so not as frequently collected). It was observed and collected in 3 
out of 6 fields in 2016, 7 out 10 fields in 2017, and 5 out of 10 fields in 2018. It was 
collected visiting C. lanatus, C.tinctoria, C.sulphureus, G.pulchella,  Z.elegans, and 
V.hastata. 
During 2016, 2017 and 2018, most of the 65 total insect species collected off the 
six floral species listed above were collected less than ten times. In my collection, 19% of 
the species are only represented by one specimen, 56% are represented by <10 
specimens, 83% are represented by <50 specimens, and only 16% had >50 specimens.  
In 2016, I collected 20 bee species with bee bowls, which were all also collected with 
nets (Table 2.4). The community composition of these specimens differed from the net 
collected specimens, although there were only 294 specimens collected in this manner 
compared to 2,696 with nets. Lasioglossum longifrons made up 39% of the specimens 
collected in the bee bowls, as opposed to 0.8% out of 2,695 specimens collected in nets 
on all fields. Lasioglossum callidum made up 19% of the bee bowl specimens and 28% of 
the net collected specimens. Melissodes communis and M. bimaculata made up 8% and 
7% of the bee bowls and 4% and 3% of the net collected specimens, respectively. 
Hylaeus ornatus was a rare species with only 2 specimens in the bee bowls at one field 
and 3 specimens collected in nets. Melitoma taurea and Ptilothrix bombiformis were also 
rare species in my study, with only 1 specimen collected by net and 1 from bee bowls of 
each.  
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The bees collected in my study range in sociality and nesting biology, with most 
species being solitary, parasocial, or subsocial (53%), less being primitively eusocial 
(34%), a small percentage being cleptoparasites (12.5%) and A.mellifera being the only 
highly eusocial species. C, one third of species (33%) are solitary ground nesters, 28% 
are social ground nesters, 20% are cavity nesters, 12.5% are cleptoparasites, and 6% are 
bumble bees. In terms of the number of specimens collected from each guild, social 
ground nesters were the most collected (52% of the total specimens), followed by solitary 
ground nesters (22%), cavity nesters (13.5%), bumble bees (9.5%) and cleptoparasites 
(2.5%).  
Cleptoparasitic bees, or brood parasitic bees, invade the nests of non-conspecific 
host bee species, oviposit in natal cells, and their larvae develop on the provisions 
intended for the host’s larvae (Rozen, 2001). I collected cleptoparasites at 7 out of 8 
treatment fields and none of the control fields in 2016 and 2017, and at 2 out of 6 fields 
with wildflowers nearby and 3 out of 4 fields with wildflowers within the field. I 
collected 8 species of cleptoparasitic bees visiting the wildflowers and 6 species visiting 
watermelon, with 67 specimens collected over four years. These bees are Coelioxys sayi, 
a brood parasite of Megachile spp. (Sheffield et al., 2003); Triepeolus concavus, a brood 
parasite of Svastra obliqua obliqua; T. lunatus, most likely a brood parasite of 
Melissodes bimaculata; T. remigatus, a brood parasite of Xenoglossa strenua; and T. 
simplex, a brood parasite of Peponapis pruinose (Rightmyer, 2008); Nomada vegana, and 
N.fervida, brood parasites of Agapostemon spp., Halictus spp., Lasioglossum spp. and 
Colletes spp. (Sheffield et al., 2003); and Sphecodes sp., a brood parasite of mostly other 
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Halictinae including Lasioglossum spp. (Sheffield et al., 2003). All of the host species of 
the cleptoparasites are common watermelon pollinators, with the exceptions of Svastra 
obliqua obliqua, an Asteraceae specialist, and Peponapis pruinosa and Xenoglossa 
strenua, which are both oligolectic squash specialists. P. pruinosa was collected in 2016 
on squash flowers in one field where squash was present near watermelon flowers. 
Svastra obliqua obliqua was collected in seven fields on all four of the transplanted 
wildflower species, especially Gaillardia pulchella.  
Similarity between control fields ranged from Jaccard indices of 0.28 SE ± 0.04 to 
0.40 SE ± 0.03 in 2016 and 2017, respectively. Mean similarity between treatment fields 
ranged from 0.30 SE ± 0.04 to 0.25 SE ± 0.03 in 2016 and 2017, respectively (Table 2.5, 
2.6). Pollinator community similarity within treatment types differed significantly in 
2017, with treatment groups having a higher mean similarity index than control groups (F 
(1,18)=10.19, p=0.005) (Table 2.7). Among paired treatment and control fields in 2017, 
the mean Jaccard similarity index was 0.30 SE ± 0.02 (Table 2.8). In 2018, similarity 
between fields that had wildflowers within the field was slightly higher (0.35 SE ± 0.07) 
than fields with wildflowers nearby (0.25 SE ± 0.04). Among fields studied across 
multiple years, the mean Jaccard similarity index was 0.41 SE ± 0.04 (Table 2.9).  
The species accumulation curve, which includes all 167 sampling events at 28 
watermelon fields from 2015 - 2018, shows no evidence of reaching an asymptote, 
implying that the sampling effort was insufficient to determine the real species richness 
of the overall community (Figure 2.3). The individual species rarefaction curves show 
that for some sites, the curve was flattening because of a higher number of specimens 
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collected, nearing an asymptote and indicating an approach to the true richness of that 
site’s pollinator community (Figure 2.4, 2.5). In addition, species rarefaction curves show 
how sites differed in the pollinator community species richness, based on whether the 
95% confidence intervals overlap. These graphs reiterate that the treatment fields had a 
higher number of sampling events and specimens collected compared to control sites in 
2016 and 2017, and fields with wildflowers within the field had a higher level of 
sampling effort compared to fields with wildflowers nearby in 2018.  
DISCUSSION 
Overall, the biodiversity of the pollinator community was higher in watermelon 
fields with increased floral diversity. Nearly twice the number of pollinator species was 
collected on watermelon fields with wildflowers compared with control fields. In 
addition, the species richness of pollinators visiting watermelon flowers was slightly 
higher in fields with higher floral diversity than those with only watermelon flowers. 
These results support management recommendations to provide additional floral 
resources for native pollinators, even on a small scale such as a small wildflower strip 
with four wildflower species, or by retaining weedy flowers growing in ditches and along 
field edges. Agroecosystems typically have lower bee diversity than surrounding natural 
habitats (Cane et al., 2006; Klein et al., 2007; Kremen et al., 2002; Larsen et al., 2005) 
but the presence of hedgerows, natural borders and corridors in agricultural landscapes 
has previously shown positive effects on bee diversity and abundance (Greenleaf and 
Kremen, 2006; Pywell et al., 2006; Shepherd and Ross, 2003). Bee species richness was 
lower in landscapes dominated by intense agricultural use compared with landscapes with 
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forests or natural areas nearby, and proximity to natural habitat with abundant floral 
resources had positive impacts on bee species richness (Sheffield et al 2013). The lack of 
intense agricultural land use yielding a more heterogeneous landscape matrix with forests 
and salt marshes near most of the fields likely influenced the observed bee species 
richness on watermelon fields in my study.  
The current reliance on a small number of managed species, mostly the honey 
bee, for pollination services, is unsustainable (Kremen, 2008; Winfree et al., 2007), 
especially because managed colonies of honey bees have declined about 50% since the 
1950s (National Research Council (U.S.), 2007). Diversity in a community has multiple 
benefits including stability, productivity and reduced susceptibility to invasion (Cardinale 
et al., 2006; Duffy et al., 2007; Hooper et al., 2005). In many regions of the world, 
baseline data about the biodiversity of pollinator communities of native plants and crops 
are lacking (Sheffield et al., 2013). An increased diversity in the pollinator community 
improves stability of pollination services for growers to produce pollinator-dependent 
crops because a diverse assemblage varies in behavior, morphology and other life history 
traits, leading to complementary resource use (Albrecht et al., 2012; Blüthgen and Klein, 
2011). Wild bees improve seed set, quality, shelf-life and commercial value of many 
crops (Bartomeus et al., 2014; Hoehn et al., 2008; Klatt et al., 2013; Mallinger and 
Gratton, 2015; Winfree et al., 2011) and are more efficient pollinators of certain crops 
including watermelon (Kremen et al., 2004; Rader et al., 2016; Winfree et al., 2008). 
Many native bees forage earlier in the morning than honey bees can and in rain, 
especially bumble bees which can thermoregulate (Williams et al., 2014). In addition, 
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many non-bee pollinator taxa have longer temporal activity ranges and can forage in 
more adverse weather conditions than bees (McCall and Primack, 1992; Owen and 
Gilbert, 1989; Primack and Primack, 1978). Non-bee pollinators such as syrphid flies, 
bombyliid flies, wasps and lepidopterans are less vulnerable to changes in land use than 
wild bees, because they often rely less on surrounding land conditions and have different 
nesting requirements and life histories as larvae and adults (Rader et al., 2016). 
A thriving community of insects can have ripple effects in ecosystems, supporting 
many insectivorous species, serving as an important foundation for other trophic levels, 
and supporting ecosystem function (Wilson 1971, Wilson 1987, Losey 2006).  Pollinators 
in particular are keystone species, playing a critical role in ecosystems worldwide in 
native plant and crop pollination (Biesmeijer et al., 2006; Klein et al., 2007). Native bees 
alone can provide sufficient pollination services in some systems, including watermelon 
in Pennsylvania and New Jersey, acting as insurance against continued honey bee 
declines (Winfree et al., 2008). Furthermore, native biodiversity of pollinators buffers 
crop pollination services against climate change because of different responses to climate 
change. Pollination services from honey bees are expected to decline substantially under 
the most extreme Intergovernmental Panel on Climate Change scenarios while native 
species are expected to increase (Rader et al., 2013). Lastly, an increased abundance and 
species richness of native bees can vastly improve honey bee per-visit efficiency and seed 
set through behavioral interactions that cause honey bees to move more quickly between 
male and female crop rows than they normally would (Greenleaf and Kremen, 2006).  
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The varying degree in sampling effort between fields in my study, leading to a 
wide range in the number of specimens collected per field, makes it necessary to question 
whether differences in species richness were driven by this sampling difference or a real 
difference occurring in nature. Rarefaction allows for meaningful comparisons of species 
richness while considering sampling effort (Gotelli and Colwell, 2001) and is 
recommended over traditional diversity indices. This is especially true in arthropod 
assemblages that typically involve large data sets in terms of number of individuals, 
number of samples, and number of species collected (Buddle et al., 2005). The individual 
rarefaction curves show that the observed species richness of the fields with smaller 
sample sizes tend to fall within the 95% confidence intervals of the expected species 
richness of the fields with larger sample sizes. This overlapping among the observed 
species richness and 95% confidence intervals (except between certain treatment fields) 
shows that species richness does not differ significantly (P<0.05) between fields, and any 
difference in observed species richness is driven by a difference in sampling effort 
(Simberloff, 1978). The only exceptions where the observed species richness clearly does 
not overlap with the confidence intervals of another field site are in 2018, where two of 
the fields with wildflowers nearby (NEAR.ROSE2, NEAR.F9) have significantly higher 
species richness than two fields with wildflowers within the field (WIN.4G, WIN.EREC) 
(Figure 2.5). These samples differ in species richness in ways that cannot be accounted 
for entirely by differences in abundance and sampling effort (at P<0.05) (Gotelli and 
Colwell, 2001).  
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More sampling of these watermelon fields is necessary to approach the real 
species richness of the pollinator communities there, as shown by the species 
accumulation curve that does not approach an asymptote as more samples were collected. 
Insufficient sampling is common when assessing the biodiversity of many biological 
communities, especially arthropods (Buddle et al., 2005; King and Porter, 2005). Many 
of the species in my study were collected once (19%) or fewer than ten times (56%), but 
rare species commonly make up large proportions of bee faunas (Michener, 1979; 
Williams et al., 2001). Nevertheless, the proportion of singletons indicates that more 
intensive and prolonged sampling would reveal more species. The pollinator fauna of 
agroecosystems can be diverse and challenging to thoroughly sample, and sampling effort 
required to detect true species richness varies depending on field conditions (Russo et al., 
2015).  Additionally, there was a large difference in sampling effort amongst fields in my 
study, due to varying distances and travel time required.  
A community of 59 insect pollinator species of watermelon, mostly native bees 
from 4 families, were recorded that have previously been unreported in the literature for 
this region. Many publications report that honey bees (Apis mellifera) provide most of the 
pollination services to watermelon, and that it is essential to place honey bee hives close 
to watermelon fields to ensure crop pollination (Morse and Calderone, 2000; UGA 
Extension, 2017). Watermelon growers are aware of honey bees and bumble bees 
pollinating their watermelon crop, but many are unaware of the multitude of other 
pollinator species (M. Jenkins, personal communication with farmers). Previous studies 
have shown that many native bee species are more efficient pollinators of watermelon 
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flowers because they deposit more pollen on watermelon stigmas per visit, tend to forage 
earlier in the morning when watermelon stigmas are more receptive, and have a higher 
visitation rate due to faster foraging behavior than A. mellifera (Campbell et al., 2018; 
Kremen et al., 2002; Stanghellini et al., 2002). More than half (64%) of the watermelon 
pollinator species I collected were also collected on one or more of five wildflower 
species, demonstrating that social colonies of bees, solitary bees, and other insects such 
as syrphid flies and butterflies use multiple floral species as resources in watermelon 
fields in addition to the crop flowers.  
The similarity in species composition was low between fields and was 
significantly more similar among control fields compared with similarity among 
treatment fields in 2017. Thus, the 21 fields included in my study had relatively 
dissimilar pollinator communities, reflecting a wide range of communities even between 
sites that were geographically close (~800 m away). A significantly higher similarity in 
the pollinator community species composition between control fields in 2017 might be 
due to the lower floral diversity which meant that insects were being collected from only 
one plant species (watermelon).  The relatively low level of agricultural intensity in my 
area, smaller field sizes and species richness of flowering crops and weedy flowers in 
surrounding fields might have led to the wide range of pollinator guilds I observed, high 
species richness of watermelon pollinators in some fields, ability to detect rare species, 
and large contribution of wild bees to the pollination services, similar to the results of 
Winfree et al. (2008). These small scale diversified agro-landscapes are globally 
threatened by agricultural intensification (Tilman et al., 2001), so this region should focus 
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on limiting development or intensification of agriculture to ensure the future of pollinator 
biodiversity.  
The presence of wildflowers in watermelon fields increased species richness and 
attracted species that were not collected at control sites. For example, cleptoparastic bees 
were collected visiting watermelon and wildflowers only at treatment fields (and in 7 out 
of 8 of them) in 2016 and 2017 and at both treatment types of fields with wildflowers in 
2018.  Most of the 67 cleptoparasitic specimens (82%) were collected visiting the 
wildflower species. These species exhibit a stabilizing role by causing competition 
among hosts (Combes, 1996) and represent the apex of bee communities (Sheffield et al., 
2013a). Habitat disturbance that affects species richness or fecundity of non-parasitic bee 
taxa via a decline in resource availability is often first noticed in the relative abundance 
and diversity of the cleptoparasites. Sites with diverse and abundant cleptoparasite 
assemblages have lower dominance than in sites with fewer cleptoparasites, and highly 
managed agricultural fields support much lower abundance and diversity of 
cleptoparasites compared to areas with more natural habitat. The cleptoparasitic guild 
responds in ways that are representative of the entire bee community and probably serve 
as sensitive indicator taxa for assessing the status of ecosystems (Sheffield et al., 2013a). 
Diversity data alone may not always reflect habitat quality for bees, especially at 
intermediate levels of disturbance, and life history analyses of bee community diversity 
might be critical because bees make up a diverse assemblage of sociality, life histories, 
and nesting biology (Michener, 2007), making it challenging to generalize about the 
group as a whole (Sheffield et al., 2013a). The diversity of cleptoparastic bees only at 
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sites with wildflowers in my study reflects the habitat quality necessary to support 
pollinator communities that include these important stabilizing species. Additionally, 
most of the butterfly species (9 out of 12) in this study visited wildflowers and not 
watermelon flowers, again showing the effect that a relatively small area of wildflowers 
in an agricultural field can have to promote biodiversity.  
The proportion of bee guilds in a community often reflects the availability of 
floral and nesting resources in a particular area. For example, in New York City parks 
and gardens, where the nesting resources consist of trees, wood piles, sheds, homes and 
fences and little soil substrate due to disturbance and compaction, most specimens 
collected were cavity nesters with a small proportion of soil nesters (Matteson et al., 
2008). In contrast, soil-nesting bees were more commonly collected in rural areas (Giles 
and Ascher, 2006), and in a similar study, solitary ground nesting bees were most 
abundant in agriculturally dominated landscapes, and cavity nesters and cleptoparasites 
least abundant in intense agricultural lands (Sheffield et al., 2013a). Several studies report 
a decrease in the abundance of belowground nesters and an increase in the number of 
aboveground nesters relative to the amount of impervious surfaces, related to 
urbanization or land development (Cane et al., 2006; Geslin et al., 2016; Matteson et al., 
2008; Winfree et al., 2009). 
Most (52%) of the bee specimens I collected are social ground nesters. In terms of 
number of species per guild, solitary ground nesters made up the largest proportion of 
species (33%), social ground nesters made up slightly fewer species (28%) and cavity 
nesters made up 20% of species. Among the bees collected from the wildflowers, 44% 
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were social ground nesters and 29% were solitary ground nesters, and among the 
watermelon bee assemblage, a higher proportion were social ground nesters (57%) and 
18% were solitary ground nesters. Lasioglossum callidum is a primitively social ground 
nester (most likely, Jason Gibbs, personal communication), and made up 27% of the total 
collection with 734 specimens collected. Halictus poeyi, a facultatively social ground 
nester, was the next most frequently collected species making up 11% of the total 
specimens. The prevalence of these species in my fields and my collecting methods 
which emphasized smaller, less identifiable species likely resulted in the large proportion 
of social ground nesters.  
Management efforts that consider the nesting requirements of these different bee 
guilds is critical to supporting native bee populations. Most native bees are solitary 
ground nesters (Cane, 1991), and due to small size and forage range (usually within 500m 
of the nest site) they depend on adequate specific soil conditions to raise offspring 
(Choate et al., 2018).  These digger bees usually excavate nesting burrows within 
exposed patches of soil or cut banks, often in aggregations (Michener, 2000), suggesting 
that nesting females may select sites with particular surface or edaphic qualities (Cane, 
1991). Nesting tunnels vary greatly between species, but most species nest within 40 to 
50 cm of the surface of well-drained soils (Cane, 1991) and have preferences for different 
soil compositions and moisture levels (Wcislo and Engel, 1996), vegetative cover, and 
proximity to shelter such as wood field margins. Given the shallow depth of many brood 
cells (<30 cm below surface), no‐till farming may enhance populations of 
ground‐nesting bees (Roulston and Goodell, 2011). Tillage timing, depth, and method 
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probably have differential impacts on pollinators and pollination, but further studies are 
required to verify this (Garibaldi et al., 2014). Drip irrigation may also be preferable over 
flood irrigation to avoid flooding nests but irrigation in general can make the soil easier 
to penetrate, thereby promoting wild insect nesting (Julier and Roulston, 2009). 
Some of the digger bee species collected in my fields include Lasioglossum 
pilosum, which nests in open sand dunes, L.lustrans, which nests in clay soil 
(Bartholomew et al., 2006), Augochlorella aurata, which nests in well drained clay or 
clay/loam soils  (Mueller, 1996; Packer, 1990), and Halictus rubicundus, which nests in 
sandy-loamy soil. Ptilothrix bombiformis, a Hibiscus specialist which was collected only 
twice in my study, nests near coastal marshes and uses water to dampen hard clay soils to 
construct its nest (Rust, 1980). Many ground nesting bees have not been studied or 
studied in more than one geographic area to understand their natural history.  
Leafcutter bees (Megachile spp.), part of the cavity nesting guild that visited both 
watermelon and wildflowers, have complex nesting habits, using a wide variety of 
foreign plant materials, mud and resin for construction of brood cells (Michener, 2000). 
They typically construct brood cells with pieces of fresh leaves in pre-existing cavities, 
including wood-boring beetle holes, and artificial nest tunnels (Sheffield et al., 2003). 
Also in the cavity nester guild and visitors of watermelon and wildflowers were large 
carpenter bees (Xylocopa spp.), robust bees that usually nest in solid soft wood but 
occasionally coarse, pithy hollow stems (Michener, 1979). The subsocial small carpenter 
bees (Ceratina spp.) excavate nests in pithy dead stems which have been broken or 
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burned, exposing the soft pithy core (Sheffield et al., 2003). Augochlora pura is a solitary 
species that excavates rotting wood (Sheffield et al., 2003; Stockhammer, 1966). 
Bumble bees nest on, above or below ground level in cavities depending on the 
species and thus require less disturbance of nearby natural areas to find nests. They are 
also more mobile than most other native bees, traveling 800m or more if necessary away 
from their nest (Hatfield et al., 2012). For example, The American bumble bee (Bombus 
pensylvanicus), which visited both watermelon and wildflowers in my study, is 
commonly found in open grasslands and agricultural areas, tends to nest above the 
ground in tufts of long grasses, and thus is particularly susceptible to grassland habitat 
loss, intensive agriculture land-use, and management activities that neglect their nesting 
requirements. It is one of the most sharply declining bee species in North America, and is 
now found in 34% of its previously sampled US and Canada range (Colla et al., 2012). 
Grassy, unmowed and undisturbed areas, and piles of hay provide nesting for this species. 
Protected open land area would also likely benefit other bumble bee species that nest in 
pre-existing rodent holes, bird nests, or crevices. Mated bumble bee queens overwinter in 
rotting logs, loose soil or mulch and require undisturbed soil to survive (Williams et al., 
2014).  
The most abundant species, Lasioglossum callidum, was collected at nearly all 
(75%) of the watermelon fields and is in the genus that was the most frequent visitor to 
watermelon flowers in a related study (Chapter 1). Lasioglossum spp. deposits lower 
levels of pollen per visit on watermelon stigmas compared with other native bees like 
Bombus spp. and Melissodes spp. (Kremen et al., 2002), but other factors such as floral 
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fidelity, foraging activity period, and especially visitation rates are important predictors 
of actual pollination (Vázquez et al., 2005). Thus, because Lasioglossum spp. had the 
highest visitation rate to watermelon flowers in treatment fields and were observed 
foraging at earlier times in the morning, they may be important pollinators of watermelon 
despite their relatively low per-visit pollen deposition. Lasioglossum spp. are probably 
nesting in sandy, loamy soil close to or within fields because their small size limits their 
foraging range (Gibbs, 2011; Greenleaf et al., 2007). Supporting their populations will 
depend on tillage and spraying practices that limit soil disturbance. Lasioglossum spp. 
were frequently observed and collected foraging on the wildflowers (Z.elegans, 
C.sulphureus, C.tinctoria, G.pulchella) planted in the treatment fields, as well as weedy 
flowers or cover crops such as Verbena hastata and Trifolium spp., so they may benefit 
from higher floral diversity on agricultural fields (M. Jenkins, personal observation). 
More research is needed on this speciose genus. Little is known of their natural histories 
which is necessary to develop management plans that can protect them. 
Honey bees were collected and observed visiting watermelon flowers and all five 
of the other floral species. They were most frequently seen visiting V. hastata, a “weedy” 
plant commonly growing on field edges, and rarely seen visiting the other four 
wildflower species (M. Jenkins, personal observation). Thus, honey bees likely also reap 
the benefits of a more diverse floral community, and individual foraging workers 
probably learn to gather nectar from different floral species because honey bees exhibit 
high floral constancy (Free, 1963; Waser, 1986). Additional floral resources in 
agricultural fields benefit honey bees because a more diverse source of nutrients and 
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pollen improves the health and immune response of their brood (Alaux et al., 2010; Di 
Pasquale et al., 2013). This may decrease their risk of overexposure to pesticides 
commonly sprayed in agricultural fields. 
In addition to providing floral resources for pollinating insects, a wide variety of 
parasitic and predatory wasps, flies, orthopterans, and hemipterans were observed visiting 
the wildflowers as a nectar source, perching on wildflowers, and stalking or preying on 
pollinating insects. Wildflower strips and hedgerows are able to provide habitat and food 
resources for these beneficial insects that control crop pests (Balzan et al., 2016; 
Ramsden et al., 2015) intrinsically valuable and rare or endangered species (Morandin 
and Kremen, 2013; Sardiñas and Kremen, 2015), and wildlife that rely on diverse insect 
communities as a food source (Staley et al., 2012). 
CONCLUSION 
My study is a first attempt to uncover pollinator biodiversity in watermelon 
agroecosystems in the southeastern US. I provide crucial data about the diversity of 
pollinator species in watermelon fields in South Carolina that can inform land 
management decisions and promote conservation of natural areas and corridors for 
pollinators that provide essential ecosystem services and other wildlife, especially with 
increasing land development and urbanization in the Charleston area. Additional research 
is needed to understand the complete assemblage of wild pollinators in this region, as 
most insect biodiversity studies require large sample sizes and many species natural 
histories remain unstudied (Sheffield et al., 2013). I found that a relatively small area of 
wildflowers transplanted into watermelon fields, or retaining weedy flowers on field 
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edges, helps support a rich community of wild pollinators that visit watermelon and 
wildflowers, as well as parasitic and predatory insects that can help control pest 
populations.  
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Table 2.1 Number of sampling events by site, year, specimens collected, and species 
richness (S) 
 
Site name County  Treatment Type #Sampling events  #Specimens S 
2015 
B3  Charleston n/a  12   234  25  
2016 
C.A2   Charleston Control  7   28  6  
C.OLAR  Bamberg  Control  2   67  13 
C.F9  Charleston Control  7   52  16 
T.11E  Charleston Treatment 7   64  17 
T. B3  Charleston Treatment 11   140  31 
T.EREC   Barnwell  Treatment 4   101  19 
2017 
C.3D  Charleston Control  5   50  17 
C.4K  Charleston Control  5   50  21 
C.B9  Charleston Control  3   31  14 
C.EREC   Barnwell  Control  3   21  15 
C.ROSE  Charleston Control  1   14  10 
T.4E  Charleston Treatment 8   87  25 
T.4G  Charleston Treatment 9   212  33 
T.B1  Charleston Treatment 10   184  36 
T.EREC  Barnwell  Treatment 5   204  29 
T.ROSE  Charleston Treatment 2   40  12 
2018 
W.4G  Charleston Within  14   254  24 
W.B1  Charleston Within  11   211  31 
W.B11  Charleston Within  13   218  35 
W.EREC  Barnwell  Within  2   95  17 
N.D8  Charleston Near  5   16  18 
N.F9  Charleston Near  7   44  25 
N.FREE  Charleston Near  3   49  15 
N.ROSE1 Charleston Near  3   62  22 
N.ROSE2 Charleston Near  3   71  34 
N.EREC  Barnwell  Near  1   26  9
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Table 2.2. Citrullus lanatus visitors by number of individuals collected per year, number of sites where they were 
collected/observed on C.lanatus, whether they were collected/observed on wildflower species (C.sul=Cosmos sulphureus, 
C.tin=Coreopsis tinctoria, G.pul=Gaillardia pulchella, V.hast=Verbena hastata, Z.eleg=Zinnia elegans), and what bee guild 
they belong to if a bee (SOL=solitary ground nesters, SOC=social ground nesters, BOM=bumble bees, HB=honey bee, 
CN=cavity nesters, CLE=cleptoparasites) 
Genus species Author    2018 2017 2016 2015 #Sites C.sul C.tin G.pul V.hast Z.eleg Guild 
Hymenoptera 
Agapostemon splendens Lepeletier  21 40 49 7 20 X X X X X SOL  
Augochlora pura Say    0 0 1 0 1      CN 
Augochlorella aurata Smith   48 21 1 19 9  X    SOC1 
Augochloropsis metallica fulgida Fabricius 0 0 1 0 1      SOL2 
Augochloropsis sumptuosa Smith  0 0 3 0 1      SOL2  
Apis mellifera Linnaeus*   na na na na 20 X  X X X HB 
Bombus fraternus Smith   6 8 13 3 10 X X X X X BOM 
Bombus griseocollis DeGeer   7 3 21 0 9 X X X X X BOM 
Bombus impatiens Cresson   43 24 34 43 19 X X X X X BOM 
Bombus pensylvanicus DeGeer  6 8 4 2 11 X  X X X BOM 
Campsomeris sp.     4 0 1 0 4  X X X  -  
Ceratina floridana Mitchell    9 2 0 0 6      CN 
Coelioxys sayi Robertson   0 0 1 0 1 X  X X  CLE 
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Colletes nudus Robertson   1 0 0 0 1 X     SOL 
Halictus poeyi Lepeletier   35 85 25 0 13 X X X X X SOC3 
Halictus rubicundus Christ   0 0 2 0 1      SOC3 
Hylaeus ornatus Mitchell   0 3 0 0 1      CN 
Lasioglossum callidum Sandhouse  167 202 96 52 18 X X X X X SOC 
Lasioglossum creberrimum Smith  2 1 8 3 4  X    SOC 
Lasioglossum floridanum Robertson  1 0 0 0 1      SOC 
Lasioglossum imitatum Smith  2 0 1 1 3      SOC 
Lasioglossum leviense Mitchell  4 0 0 0 1      SOC 
Lasioglossum longifrons Baker  6 7 1 0 5 X X X  X SOC 
Lasioglossum lustrans Cockerell  0 1 0 1 2      SOL 
Lasioglossum nelumbonis Robertson  3 0 0 0 2      SOL  
Lasioglossum nymphale Smith  1 0 2 0 3      SOC 
Lasioglossum pectoral Smith   3 1 0 0 4      SOL 
Lasioglossum pilosum Smith   2 1 4 0 4      SOC 
Lasioglossum puteulanum Gibbs  23 8 10 1 14      SOC 
Lasioglossum reticulatum Robertson  9 2 0 3 5      SOC 
Lasioglossum sp.     8 12 5 0 11  X X X X ? 
Lasioglossum tamiamense Mitchell  40 14 0 0 12  X X  X SOC  
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Lasioglossum tegulare Robertson  18 0 0 0 7      SOC 
Lasioglossum trigeminum Gibbs  0 2 5 0 6  X    SOC 
Megachile mendica Cresson   22 59 31 42 14 X X X X X CN 
Megachile petulans Cresson   1 0 2 0 2  X X X X CN 
Megachile pseudobrevis Mitchell  0 1 0 0 1   X X  CN 
Megachile texana Cresson   3 0 0 0 1   X X X CN 
Megachile xylocopoides Smith  0 0 1 2 2 X X  X  CN 
Melissodes bimaculata Lepeletier  27 15 20 22 13 X X X X X SOL 
Melissodes communis Cresson  25 45 21 5 22 X X X  X SOL 
Melissodes comptoides Robertson  5 2 0 0 4 X  X   SOL 
Melissodes tepanaca Cresson   0 1 3 0 3      SOL 
Melissodes trinodis Robertson  0 1 1 0 2   X   SOL 
Melitoma taurea Say    1 0 1 0 2      SOL 
Nomada fervida Smith   0 1 0 0 1 X  X X  CLE 
Nomada vegana Cockerell   0 1 0 0 1   X   CLE 
Sphecodes sp.     1 2 0 1 4  X    CLE 
Triepeolus concavus Cresson   0 0 1 0 1 X X X  X CLE 
Triepeolus simplex Robertson  1 0 0 0 1   X   CLE 
Xenoglossa strenua Cresson   0 1 0 0 1      SOL 
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Xylocopa micans Lepeletier   18 7 4 1 13 X   X  CN 
Xylocopa virginica Linnaeus   12 8 7 2 16 X X X X X CN 
Diptera 
Toxomerus sp.     11 3 0 0 6  X    - 
Palpada sp.     9 9 1 0 11 X X X X X - 
Lepidoptera 
Agraulis vanillae Linnaeus*   na na na na 2    X X - 
Hesperiidae*     na na na na 6     X - 
Pieris rapae Linnaeus*   na na na na 1      - 
Urbanus proteus Linnaeus*   0 0 0 0 2     X - 
 
*Indicates species that were observed only, not collected   
1  Species occasionally exhibits solitary or semi-social behavior (Packer 1990, Mueller 1996, Gibbs 2017) 
2  Species exhibit solitary, communal (Wolf and Ascher 2009, Goldstein and Ascher 2016) and possibly semi-social behavior (Gibbs 2017) 
3 Facultatively eusocial—intraspecific variation in social behavior according to environmental conditions, primitively eusocial in 
temperate conditions, communal in tropics (Packer and Knerer 1996) 
Note: Lasioglossum (Dialictus) is thought to primarily consist of primitively eusocial ground nesters, but the species in this subgenus vary 
from solitary to primitively eusocial (Jason Gibbs, personal communication, Michener 1974). Some species (i.e. L.callidum, 
L.creberrimum), have not been studied or were possibly studied by Charles Michener (Jason Gibbs personal communication).   
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Fig 2.1. Number of pollinator species collected in 2015-2018 visiting focal species 
(Citrullus lanatus) and wildflower species    
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Table 2.3. List of wildflower (C.sul=Cosmos sulphureus, C.tin=Coreopsis tinctoria, G.pul=Gaillardia pulchella, 
V.hast=Verbena hastata, Z.eleg=Zinnia elegans) visitors by number of sites where they were collected/ observed, total number 
of individuals collected over four years per floral species, whether they were also collected/observed on Citrullus 
lanatus.(C.lan), and what bee guild they belong to if a bee (SOL=solitary ground nesters, SOC=social ground nesters, 
BOM=bumble bees, HB= honey bee, CN=cavity nesters, CLE=cleptoparasites) 
Genus species Author   #Sites C.sul C.tin G,pul V.hast Z.eleg C.lan Guild 
Hymenoptera 
Agapostemon splendens Lepeletier 11 3 2 10 2 1 x SOL 
Apis mellifera Linnaeus  20 x   x x x HB 
Augochlorella aurata Smith  9 0 3 0 0 0 x SOC1 
Bombus fraternus Smith  13 11 3 2 5 6 x BOM 
Bombus griseocollis DeGeer  14 11 1 5 2 14 x BOM 
Bombus impatiens Cresson  20 5 2 3 0 8 x BOM 
Bombus pensylvanicus DeGeer 13 11 0 6 2 18 x BOM 
Campsomeris sp.   7 0 1 1 1 0 x - 
Coelioxys sayi Robertson  4 3 0 5 1 0 x CLE 
Colletes nudus Robertson   2 1 0 0 0 0 x SOL 
Dieunomia heteropoda Say  7 25 72 27 0 3  SOL 
Halictus poeyi Lepeletier  17 15 34 87 1 38 x SOC2 
Lasioglossum callidum Sandhouse 18 1 46 59 5 105 x SOC 
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Lasioglossum creberrimum Smith 4 0 5 0 0 0 x SOC 
Lasioglossum longifrons Baker 5 4 2 1 0 2 x SOC 
Lasioglossum sp.   12 0 3 3 1 3 x ? 
Lasioglossum tamiamense Mitchell 13 0 27 3 0 1 x SOC 
Lasioglossum trigeminum Gibbs 6 0 1 0 0 0 x SOC 
Megachile albitarsis Cresson  1 0 1 0 0 0  CN 
Megachile campanulae Robertson 1 1 0 0 0 0  CN 
Megachile mendica Cresson  17 30 5 44 8 2 x CN 
Megachile petulans Cresson  7 0 7 9 1 5 x CN 
Megachile pseudobrevis Mitchell 3 0 0 1 1 0 x CN 
Megachile sculpturalis Smith  1 0 0 0 1 0  CN 
Megachile sp.    12 0 1 5 1 1  CN 
Megachile texana Cresson  5 0 0 2 2 1 x CN 
Megachile xylocopoides Smith 9 5 5 0 10 0 x CN 
Melissodes bimaculata Lepeletier 14 11 2 1 1 3 x SOL 
Melissodes communis Cresson 22 8 3 11 0 4 x SOL 
Melissodes comptoides Robertson 4 1 0 2 0 0 x SOL 
Melissodes subillata LaBerge  1 0 1 0 0 0  SOL 
Melissodes trinodis Robertson 2 0 0 1 0 0 x SOL 
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Nomada fervida Smith  2 1 0 1 1 0 x CLE 
Nomada vegana Cockerell  1 0 0 1 0 0 x CLE 
Nomia nortoni Cresson  1 0 1 0 0 0  SOL3 
Ptilothrix bombiformis Cresson 1 0 0 0 0 1  SOL 
Scolia sp.    1 0 1 0 0 0  - 
Sphecodes sp.     4 0 2 0 0 0 x CLE  
Svastra aegis LaBerge  5 14 5 17 0 2  SOL 
Svastra obliqua Say   7 7 5 35 0 15  SOL 
Svastra petulca Cresson  5 0 6 6 0 1  SOL 
Triepeolus concavus Cresson  7 5 1 6 0 1 x CLE 
Triepeolus lunatus Say  2 6 0 8 1 0  CLE 
Triepeolus remigatus Fabricius 1 9 0 0 0 0  CLE 
Triepeolus simplex Robertson 3 0 0 3 0 0 x CLE 
Xylocopa micans Lepeletier  13 5 0 0 4 0 x CN 
Xylocopa virginica Linnaeus  18 2 2 0 1 3 x CN 
 
Diptera 
Palpada sp.    12 4 5 6 4 8 x - 
Toxomerus sp.    6 0 2 0 0 0 x -  
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Lepidoptera 
Agraulis vanillae Linnaeus*  5    x x x - 
Danaus plexippus Linnaeus*  1 0 0 0 0 x  - 
Epargyreus clarus Cramer*  2    x x  - 
Euptoieta claudia Cramer*  1     x  - 
Heliconius charithonia Linnaeus* 1     x  - 
Junonia coenia Hubner*  1 x      - 
Papilio polyxenes asterius Stoll* 3     x  - 
Papilio glaucus Hodges*  4     x  - 
Papilio palamedes Drury*  4 x   x x  - 
Phoebus sennae Linnaeus*  1     x  - 
Urbanus proteus* Linnaeus  2     x x - 
 
*Indicates species that were observed only, not collected  
 1  Species occasionally exhibits solitary or semi-social behavior (Packer 1990, Mueller 1996, Gibbs 2017) 
2 Facultatively eusocial—intraspecific variation in social behavior according to environmental conditions, primitively eusocial 
in temperate conditions, communal in tropics (Packer and Knerer 1996) 
3 Possibly communal, Park 1928
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Figure 2.2. Total number of pollinator species including observed and collected species at 
control fields (grey) and treatment fields (black and white) in 2016 (A), 2017 (B) and 
2018 (C). In 2016, fields are referred to by field name preceded by treatment type (C-
control, T-Treatment). In 2017, fields are referred to by name only because each site was 
a block consisting of both treatment and control fields. In 2018, fields are referred to by 
name preceded by treatment type (W-wildflower within, N-wildflower nearby). 
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Table 2.4. Species and number of specimens collected with bee bowls in 2016 
Genus species (author)    #Specimens  
Lasioglossum longifrons (Baker)   116 
Lasioglossum callidum (Sandhouse)   56 
Melissodes communis (Cresson)   24 
Melissodes bimaculata (Lepeletier)   21 
Lasioglossum puteulanum (Gibbs)   18 
Megachile mendica (Cresson)   14 
Lasioglossum creberrimum (Smith)   8 
Lasioglossum reticulatum (Robertson)  7 
Apis mellifera (Linnaeus)    6 
Xylocopa virginica (Linnaeus)   5 
Agapostemon splendens (Lepeletier)   3 
Augochlorella aurata (Smith)   4 
Bombus griseocollis (DeGeer)   2 
Halictus poeyi (Lepeletier)    2 
Hylaeus ornatus (Mitchell)    2 
Melissodes tepanaca (Cresson)   2 
Lasioglossum imitatum (Smith)   1 
Melitoma taurea (Say)    1 
Ptilothrix bombiformis (Cresson)   1 
Xylocopa micans (Lepeletier)    1
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Table 2.5 Jaccard similarity matrix of pollinator community composition for all fields by year. In 2018, “W” before the field 
name indicates those with wildflowers within the field, and “N” before the name indicates field with wildflowers nearby. In 
2016 and 2017, “C” before the field name indicates control fields (no wildflowers), and “T” before the name indicates 
treatment fields (with wildflowers). 
2018  
  N.EREC N.D8 N.F9 N.FREE N.ROSE1 N.ROSE2 W.4G W.EREC W.B1 W.B11 
N.EREC -  0 0.18 0.2  0.22  0.14  0.1 0.25  0.19 0.16 
         
N.D8  0  - 0.33 0.11  0.14  0.13  0.26 0.05  0.22 0.19 
N.F9  0.18  0.33 - 0.52  0.44  0.44  0.38 0.21  0.61 0.43 
N.FREE 0.2  0.11 0.52 -  0.33  0.36  0.17 0.18  0.32 0.31 
N.ROSE1 0.22  0.14 0.44 0.33  -  0.27  0.23 0.2  0.32 0.28 
N.ROSE2 0.14  0.13 0.44 0.36  0.27  -  0.2 0.25  0.46 0.4 
W.4G  0.1  0.26 0.38 0.17  0.23  0.2  - 0.2  0.37 0.39 
W.EREC 0.25  0.05 0.21 0.18  0.2  0.25  0.2 -  0.26 0.22 
W.B1  0.19  0.22 0.61 0.32  0.32  0.46  0.37 0.26  - 0.67 
W.B11  0.16  0.19 0.43 0.31  0.28  0.4  0.39 0.22  0.67 - 
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2017 
   C.3D C.4K C.B9 C.EREC C.ROSE T.4E T.4G T.B1 T.EREC T.ROSE  
C.3D   - 0.33 0.33 0.29  0.25  0.35 0.35 0.26 0.40  0.30 
C.4K   0.33 - 0.29 0.25  0.21  0.21 0.32 0.24 0.21  0.28 
C.B9   0.33 0.29 - 0.33  0.08  0.14 0.21 0.29 0.19  0.27 
C.EREC  0.29 0.25 0.33 -  0.15  0.17 0.24 0.26 0.31  0.25 
C.ROSE  0.25 0.21 0.08 0.15  -  0.20 0.12 0.13 0.29  0.13  
T.4E   0.35 0.21 0.14 0.17  0.20  - 0.48 0.41 0.36  0.56 
T.4G   0.35 0.32 0.21 0.24  0.12  0.48 - 0.40 0.26  0.59  
T.B1   0.26 0.24 0.29 0.26  0.13  0.41 0.40 - 0.23  0.37 
T.EREC  0.40 0.21 0.19 0.31  0.29  0.36 0.26 0.23 -  0.32 
T.ROSE  0.30 0.28 0.27 0.25  0.13  0.56 0.59 0.37 0.32  - 
 
2016  T.11E T.B3 T.EREC C.A2 C.F9 C.OLAR 
T.11E  - 0.36 0.33  0.29 0.41 0.38 
T.B3  0.36 - 0.21  0.22 0.42 0.25  
T.EREC 0.33 0.21 -  0.13 0.35 0.47  
C.A2  0.29 0.22 0.13  - 0.31 0.19 
C.F9  0.41 0.42 0.35  0.31 - 0.33  
C.OLAR 0.38 0.25 0.47  0.19 0.33 - 
 Table 2.6 Means and standard error of Jaccard similarity indices of pollinator community 
composition by year between watermelon fields with (treatment) and without (control) 
wildflowers in 2016 and 2017, and fields with wildflowers near the field and within the 
field in 2018.  
2016     2017   2018 
  Mean  SE  Mean SE    Mean  SE 
Control 0.28 0.04  0.40 0.03  Within field 0.35 0.07 
Treatment  0.30 0.04  0.25 0.03  Near field 0.25 0.04 
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Table 2.7 ANOVA test for difference between Jaccard similarity means in 2016 (control 
fields mean similarity index vs. treatment fields mean similarity index), 2017 (same as 
2016), 2018 (wildflowers within fields mean similarity index vs. wildflowers near field 
mean similarity index). 
2016    2017     2018 
df F p  df F p  df F p 
1,4 0.14 0.73  1,18 10.19 0.005*  1,19 1.72 0.21 
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Table 2.8 Jaccard similarity of pollinator community composition between paired 
watermelon fields in 2017. Each pair/block consisted of a control field (without 
wildflowers) and a treatment field (with wildflowers). 
Field name Similarity index 
USDA 1 0.35 
USDA 2 0.32 
EREC  0.26 
ROSE  0.29 
CREC   0.27 
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Table 2.9 Jaccard similarity of pollinator community composition for watermelon fields 
studied multiple years 
Field name Similarity index Years sampled 
4G  0.36   2017, 2018 
B1  0.48   2017, 2018 
B3  0.44   2015, 2016 
EREC CTL 0.23   2016, 2017, 2018 
EREC WF 0.46   2016, 2017, 2018 
F9  0.57   2016, 2018 
ROSE WF 0.32   2017, 2018 
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Figure 2.3. Species accumulation curve for all pollinator species using all sampling events 
(167). Species were collected with aerial nets at 28 watermelon fields in South Carolina 
from 2015-2018.  The two outer lines represent upper and lower 95% confidence 
intervals.  
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Figure 2.4. Individual rarefaction curve for 28 sites where pollinators were collected from 
watermelon fields for four years. Sites with collections in multiple years are considered 
separate sites. Lines labelled beginning with “C” indicate control sites, “T” indicates 
treatment sites, “WIN” indicates fields with wildflowers within the field, and “NEAR” 
indicates fields with wildflowers nearby. 
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Figure 2.5. Individual rarefaction curves of all species collected in a) 2016 b) 2017 and c) 2018. “C” before 
site names indicate control sites and “T” indicates treatment fields. “NEAR” before site names indicates 
sites with wildflowers nearby, and “WIN” indicates sites with wildflowers within the field. 95% confidence 
intervals are represented. If the observed value falls within the confidence interval, then hypothesis that the 
richness of the smaller sample, based on all n individuals, does not differ from the richness of a subsample 
of size n* from the larger sample cannot be rejected at P≤0.05. 
A 
B 
C 
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Supplementary information 
 
 
Table 2.10 Wildflower species in 2016 treatment fields. 
 
1. Scarlet Flax – Linum grandiflorum rubrum 
2. Catch Fly – Silene armerla 
3. Annual Baby’s Breath – Gypsophila elegans 
4. Cornflower (Bachelor’s button) – Centaurea cyanus 
5. Annual Gaillardia (Indian blanket) – Gaillardia pulchellia 
6. Bachelor’s Button Tall mixed/Cornflower – Centaurea cynnus – Tall mixed 
7. Cosmos – Cosmos bipinnatus 
8. Sulphur Cosmos – Cosmos sulphureus 
9. Plains Coreopsis – Coreopsis tinctoria 
10. Sweet al.yssum – Lobularia maritima 
11. Black eyed Susan, coastal plain NC Ecotype. Rudbeckia hirta  
12. Spurred Snapdragon (Northern Lights) – Linaria maroccana 
13. Annual Phlox – Phlox drummondii 
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CHAPTER 3 
 
 FORAGING BEHAVIOR OF WATERMELON POLLINATORS 
 
 
Abstract—Providing additional floral resources in agricultural areas has been shown to 
facilitate crop pollination and improve fruit yields by attracting and maintaining a diverse 
native pollinator community in agricultural areas that are devoid of food resources 
outside of the crop blooming period. In this study I investigated two aspects of pollinator 
effectiveness that are not frequently included in the context of co-flowering species in 
agricultural systems: (1) flower handling time (the duration of each visit by a pollinator) 
and (2) floral constancy (a behavior in which a pollinator visits the same floral species in 
sequence even though other species are available). In watermelon fields in South 
Carolina, I found that most watermelon pollinators exhibited floral constancy when 
observed on watermelon and co-flowering wildflower or weed species. However, bumble 
bees (Bombus spp.) exhibited the highest rates of floral inconstancy with 42% of 
individuals moving between floral species in a foraging sequence on watermelon and 
32% on wildflowers. In addition, large bees (Bombus spp. and Xylocopa virginica) and 
medium bees (Melissodes spp., Megachile spp.) spent the least time foraging per flower 
while the smallest native bees (Lasioglossum spp.) had the longest flower handling time. 
Small bees, despite their low pollen deposition rates and long flower handling time, had 
high visitation frequencies in these watermelon fields in a previous study (chapter 1) and 
exhibited floral constancy. Thus, they probably play an important role in pollinating 
watermelon in this system. Large bees and medium bees are likely the most important 
pollinators of watermelon in my system, given their low flower handling time, high 
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visitation frequency (chapter 1) and high pollen deposition rates although bumble bees 
exhibited some floral inconstancy. The differences I observed in foraging behavior in 
watermelon bee pollinators likely contribute to pollinator niche complementarity, 
creating a more resilient and robust pollinator community.  
INTRODUCTION 
For effective pollination to occur, a complex set of factors are at play at different 
parts of the overall pollination process and are dependent on the varying life histories of 
plants and their pollinators (Willcox et al., 2017). Landscape and regional factors also 
impact pollinators through an array of environmental conditions, especially the 
availability of nesting and food resources (Andersson et al., 2014; Carvalheiro et al., 
2011; Kennedy et al., 2013). Currently, the most common way to assess pollination 
effectiveness is through combining pollinator foraging behavior, visitation rate and per 
visit pollen deposition to quantify pollinator performance (Willcox et al., 2017). 
Visitation rates are cited as the most important factor determining a pollinator’s 
effectiveness (Morris, 2015; Vázquez et al., 2005). Others acknowledge that specific 
behaviors and interactions when on the flower (Brown and Mitchell, 2001; Flanagan et 
al., 2009; Wallace et al., 2002) and contribution to the plant’s female reproductive 
success ((Ne’eman et al., 2010) might be equally important factors. Whether individuals 
have pollen accessible on their body as they move between flowers (not stored in a pollen 
corbicula in the case of honey bees and bumble bees) and that this pollen comes into 
contact with the stigmatic surface of the flower will impact the pollination success 
(Bosch and Blas, 1994; Wallace et al., 2002). In canola pollination, solitary bees showed 
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the greatest likelihood of contacting the stigma with their bodies because they spent more 
time on individual flowers and tended to collect pollen rather than nectar compared to 
honey bees which foraged for nectar (Woodcock et al., 2013). In macadamia nut 
pollination, stingless bees (Trigona carbonaria) are probably more effective pollinators 
than honey bees because they consistently come into direct contact with the stigma, tend 
to collect pollen while honey bees tend to collect nectar, and climb the styles to access 
the stigma while honey bees hover over the styles (Heard 1994). Grooming behavior and 
frequency and scopa (pollen collecting hairs) location and structure all contribute to the 
likelihood of transferring pollen onto the stigma (Flanagan et al 2009). Additional factors 
include pollinator morphology (Herrera, 1987), duration of individual visits (Young and 
Stanton, 1990), and the proportion of conspecific and heterospecific pollen in the pollen 
load (Brown and Mitchell, 2001; Karron et al., 2006). Body size can affect various 
foraging capabilities such as the pollen load carried, tongue length which affects 
accessibility to nectar, and the relative size of the animal’s body and floral reproductive 
parts (anthers and stigma) ((Madjidian et al., 2008; Stout, 2000).  For example, smaller 
Osmia rufa (red mason bee) individuals are half as effective at pollinating canola as 
larger individuals probably due to intraspecific variation in the amount and position of 
pollen on their bodies and flower handling time (Jauker et al., 2016). 
When a flower is visited by multiple pollinators during its receptive period (which 
is often the case to provide sufficient pollen to the stigma), the quality, quantity and 
composition of the received pollen loads will determine pollination success. This is 
dependent on the foraging behavior, sequence of pollinators and identity of pollinator 
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taxa in relation to the particular floral species (Willcox et al., 2017). Many plant species 
flower synchronously and sympatrically and many pollinators are generalists (Waser et 
al., 1996), resulting in pollinator sharing (Mitchell et al., 2009). Thus the floral 
community surrounding a particular plant and the foraging behavior of the pollinator 
community affects the amount of conspecific pollen received by a plant (Werrell et al., 
2016). Pollinator sharing can benefit plant reproduction when it results in more total 
pollinators in a plant community. In general, there is a positive correlation between floral 
abundance, pollinator abundance, and diversity (Kennedy et al., 2013; Potts et al., 2003; 
Werrell et al., 2016). But pollinator sharing can be detrimental if too much heterospecific 
pollen transfer occurs causing stigma clogging with foreign pollen and a loss of receptive 
stigmatic surface area (Waser, 1986). In contrast, a higher number of conspecific pollen 
loads on the stigma is more likely to cause fruit production and increase seed production 
and weight in flowering plants (Bertin, 1990; Winsor et al., 1987). The competitive or 
facilitative nature of pollinator sharing depends on this balance of heterospecific versus 
conspecific pollen transfer and is density dependent, with the potential to shift from 
facilitative to competitive with increasing densities of one floral species (Rathcke, 1983; 
Seifan et al., 2014; Willcox et al., 2017).  The facilitative effect of pollinator sharing on 
pollination can occur via numerous mechanisms including: increasing floral display size 
which decreases overall interplant distance ((Rathcke, 1983; S. Feldman, 2006) and 
increases the number of flowers (Thomson, 1981), increasing diversity of floral stands 
(Ghazoul, 2006), providing earlier blooming species that attract and maintain pollinator 
populations for later blooming species (Ogilvie and Thomson, 2016; Waser and Real, 
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1979), and a magnet species effect where an attractive plant species improves pollination 
success of a less attractive neighbor (Braun and Lortie, 2019; Laverty, 1992; Thomson, 
1978). 
Floral constancy is a foraging behavior that can measure how much pollinator 
sharing is occurring between co-flowering plants. It is exhibited by pollinators who 
sequentially visit the same species or floral morph, ignoring other equally rewarding 
species (Waser, 1986). It is common in social bee species but is also seen in other bees, 
insects and vertebrates (Goulson and Cory, 1993; Goulson and Wright, 1998) where 
individuals of the same colony or species specialize on different flower types. This 
behavior is beneficial to plant reproductive success because it lessens the possibility of 
heterospecific pollen transfer and increases the likelihood of conspecific pollen transfer 
(Gegear and Laverty, 2005; Leebens-Mack and Milligan, 1998; Waser, 1986). However, 
environmental conditions such as the availability of floral resources, floral traits and 
floral rewards can cause individuals within a species to change from specialist to 
generalists (Grüter et al., 2011; Grüter and Ratnieks, 2011; Requier et al., 2015) . Floral 
constancy was previously proposed to be a result of learning and memory constraints in 
insects and birds (Waser, 1986) but more recent work has shown bee’s capacity to learn 
and recall information about multiple food resources. It is more likely due to the energy 
expenditure in switching flower types which require different handling techniques, which 
may be greater than the cost of searching for the same flower type (Amaya-Marquez, 
2009).   
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The addition of co-flowering, sympatric floral species on crop fields through 
establishment of wildflower strips or hedgerows offers the benefits of being relatively 
low cost and easy to maintain for farmers while supporting ecosystem services and 
biodiversity on the farm (Morandin and Kremen, 2013) These types of restorations are 
often suggested in the scientific and extension literature but there is a lack of research on 
their real impacts on biodiversity and ecosystem services (Kleijn et al., 2006; Winfree, 
2010). Key components that render these on-farm enhancements able to support 
pollination services include the age of a floral stand (Morandin and Kremen, 2013), 
density of other floral resources in comparison to the crop (Seifan et al., 2014), proximity 
to the additional floral resources (Samnegård et al., 2011) and nesting opportunities. 
These additional floral resources are able to support a more diverse community of 
pollinators than monoculture agricultural systems which acts as a buffer against changes 
in bee abundances from year to year and from honey bee losses (Winfree et al., 2007). 
For example, Kremen et al., (2002) saw large fluctuations in the pollinator community of 
watermelon in California from 2000 to 2001, with certain species being the most 
important and abundant pollinators one year and relatively unimportant the next year. 
Various crop systems have shown the ability for additional floral resources to 
increase pollination services and yield for the crop by supporting a more diverse and 
abundant pollinator community on farms (i.e. mango (Carvalheiro et al., 2012), highbush 
blueberry (Blaauw and Isaacs, 2014), tomato (Balzan et al., 2016), and strawberry (Castle 
et al., 2019; Feltham et al., 2015)).  However, some evidence indicates that crops and 
feral plants can compete for limited pollinators, resulting in negative effects on crop 
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pollination services (Ellis and Delaplane, 2009). This is a legitimate concern for growers 
wary of wildflowers drawing pollinators away from their crop (unpublished data). For 
example, in fields with co-flowering watermelon and sunflower, the onset of sunflower 
bloom corresponded with a decrease in honey bee visitation on watermelon and in fruit 
set and fruit size (Ellis and Delaplane, 2009). However, this study does not report the 
effect of co-flowering species on visitation by wild pollinators but notes the four-fold 
greater visitation by sweat bees (Halictidae) in watermelon flowers in their region, and 
similar visitation rates of bumble bees (Bombus spp.) and squash bees (Peponapis 
pruinosa) in comparison with honey bees. In an agroecosystem equipped to support a 
diverse wild bee community, additional floral species may simply provide necessary food 
resources for a healthy pollinator community with positive effects on crop pollination.  
Previous research shows that honey bees are not efficient pollinators of 
watermelon compared to wild bees because they deposit smaller amounts of pollen per 
visit, begin foraging later in the morning, and collect mostly nectar (Campbell et al., 
2018; Kremen et al., 2002; Pisanty et al., 2016; Winfree et al., 2007). For example, 
Bombus impatiens is much more efficient at pollinating watermelon because individuals 
begin foraging 15-40 minutes before honey bees (watermelon stigmas are most receptive 
early in the morning), visited double the amount of flowers per minute than honey bees, 
and deposited almost three times as much pollen on watermelon stigmas it on average 
(Stanghellini et al., 2002). Thus efforts to support a diverse community of wild 
pollinators may be critical for watermelon pollination, fruit quality and yield.  
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The potential for additional floral resources to negatively impact a crop’s 
pollination services is partly dependent on the foraging behavior and identity of the 
pollinator community. Previous work (chapter 2) showed that the majority of watermelon 
pollinators also foraged on wildflowers and/or weedy flowers when present in 
watermelon fields, an unsurprising result because most of the pollinator species in my 
study are generalists. However, if these insects exhibit floral constancy, there would be 
limited potential for heterospecific pollen transfer to occur. In this study I examine two 
components of pollinator foraging behavior that have not been studied in native 
watermelon pollinators (except for B. impatiens in Stanghellini et al., 2002): 1) flower 
handling time and 2) floral constancy. By investigating these two factors of pollinator 
behavior, my objective is to elucidate the different pollinator species’ overall 
effectiveness in this system and clarify whether watermelon and wildflowers share 
individual pollinators.  
MATERIALS AND METHODS 
Watermelon visitors were observed in 7 watermelon fields at the USDA 
Vegetable Laboratory (2) and Clemson Coastal Research and Education Center (5) in 
Charleston, SC during the floral anthesis period of Citrullus lanatus from June 30-August 
2, 2016 and July 25-Aug 1, 2018. All fields were small at approximately 0.2 hectares, 
consisted of multiple varieties of triploid and diploid watermelon (SP7, Sugar Baby, 
Charleston Grey, Crimson Sweet), and had either wildflower plantings or weedy flowers 
along one or both sides of the field. Wildflower plantings consisted of a ~60m x 1m strip 
of four floral species (Cosmos sulphureus, Coreopsis tinctoria, Gaillardia pulchella, 
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Zinnia elegans) that flower before, during and after watermelon bloom. Weedy flowers 
along field edges consisted mostly Verbena hastata and Trifolium spp. which co-flower 
with watermelon. For both types of data collection below, a bee landing on the central 
part of the flower where the stigma is located was counted as a visit (occasionally bees 
will land on flower petals to groom themselves or exhibit other behaviors that are clearly 
not foraging).  
Flower handling time 
Two to three observers trained in field pollinator identification recorded visitor 
group (Agapostemon spp., Apis mellifera, Augochlorini, Bombus spp., Halictus sp., 
Lasioglossum spp., Megachile spp., Melissodes bimaculata, Melissodes communis, and 
Xylocopa spp.) and the duration of individual visits (flower handling time) from 0930-
1200 EDST with a stopwatch. Temperature ranged from 80 - 90 degrees F and cloud 
cover from 0 - 70%. After one visit was timed, the observer moved to another location at 
least one row away and ~5m in either direction and recorded the next bee I saw, 
regardless of species. Thus, some of the data points may be from the same individual and 
thus not completely independent although I tried to avoid this.  
Floral constancy 
Two to three observers trained in field pollinator identification recorded visitor 
group (Apis mellifera, Augochlorini, Bombus fraternus, B.impatiens, B.pensylvanicus, 
B.griseocollis, Bombus sp., Lasioglossum spp., Megachile spp., and Melissodes 
bimaculata) from 0915-1100 EDST in temperature ranging from 77 - 85 degrees F and 
cloud cover from 0 - 90%. Each observer followed the first bee seen as long as possible 
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up to 10 minutes, recording the number of visits the bee made and whether it moved 
between different floral species. Once the bee was lost or after 10 minutes, the observer 
moved to another location at least one row away and ~5m in either direction and recorded 
the next bee seen, regardless of species. Thus, some of the data points may be from the 
same individual and thus not completely independent although I tried to avoid this.  
Statistical analysis 
A one-way analysis of variance was used to test the effect of bee group on flower 
handling time, including date and date*species in the model. Post-hoc comparison using 
Tukey’s HSD test was used to determine which bee groups differed in flower handling 
time. All significance tests used an alpha of 0.05. All statistical calculations were 
performed using JMP (Version 8, SAS Institute Inc, Cary, NC, USA). 
RESULTS 
Flower handling time 
I observed 612 individual bee visits (396 in 2016 and 216 in 2018) on watermelon 
flowers in 7 watermelon fields. Mean flower handling time differed significantly between 
bee groups (F(9,602)=36.8, p<.0001) ranging from 2.7 seconds to 37.2 seconds per 
flower, with larger bees spending less time per flower (Table 3.1, Figure 3.1). Bumble 
bees (Bombus spp.) and Eastern carpenter bees (Xylocopa virginica) had the fastest 
flower handling times (2.7 seconds SE ± 0.1, 2.7 SE ± 0.2, respectively), and the tiny 
sweat bees Lasioglossum spp. had the slowest flower handling time (37.2 SE ± 7.2), 
about 13 times slower than the fastest visitor. Post hoc comparisons using the Tukey 
HSD test showed that Lasioglossum spp. mean flower handling time was significantly 
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lower than all the other bee species groups (p<0.0001). Also, mean flower handling time 
for Augochlorini (16.5 SE ± 2.9) was significantly lower than all the other bee groups 
(p<.0001) except for Halictus spp. (9.3 SE ± 2.8). There was no evidence of nectar 
robbing behavior in any pollinators in this study. There was no significant effect of date 
or date*species in the ANOVA. 
Floral constancy 
I observed foraging behavior of 169 bees in 7 watermelon fields in 2016 and 
2018. Of those 169 individuals, I observed 105 that started on watermelon flowers and 64 
that started on another floral species in the watermelon field. There were 1487 floral 
visits (the combined number of flowers in foraging sequences) from bees that started on 
watermelon flowers and 600 floral visits from bees that started on another floral species.  
I found that 16% of the bees that started on watermelon moved to another floral 
species at least once in their observed foraging sequence (Table 3.2). When all Bombus 
species were combined, 42% of individuals that began on watermelon switched floral 
species during their foraging bouts, much higher than the number of individuals of 
Megachile spp., Lasioglossum spp. and Melissodes bimaculata that exhibited floral 
inconstancy (6%, 12.5%, and 12.5%, respectively).  
Of the bees I observed starting on a different floral species in the watermelon 
field, 33% of them moved to a different floral species at least once in their observed 
foraging sequence (Table 3.2). Only Bombus spp. and Megachile spp. were observed 
starting on a different floral species and both genera had similar proportions of instances 
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where they switched floral species in a foraging sequence; 40% and 32% (for all Bombus 
species combined), respectively.  
The length of foraging bouts observed differed substantially between bee species 
due to the small size, rapid and erratic flight and foraging behavior of certain bee species. 
Thus, the mean number of flowers followed for Bombus spp. was 49 flowers in a 
sequence compared to mean of only 4 flowers for Lasioglossum spp. and 7 flowers for 
Megachile spp.  
DISCUSSION 
I observed a significant difference in watermelon flower handling time amongst 
the bee pollinators, with larger bees spending less time per flower. In addition, most bees 
exhibited floral constancy both on watermelon and nearby wildflowers, however some 
individuals moved between floral species in their foraging bouts. While other studies 
have reported on the efficiency of native pollinators in terms of per-visit pollen 
deposition (Campbell et al., 2018; Kremen et al., 2002; Winfree et al., 2007), this study is 
the first to investigate the flower handling times (other than Bombus impatiens) and floral 
fidelity of native pollinators of watermelon in the presence of co-flowering species. 
Differences in flower handling time was likely due to variation in nectar 
extraction rates, tongue length, flower manipulation ability, age and naiveté of 
individuals, and relative size of the plant’s reproductive parts in relation to the 
pollinator’s body size (Ivey et al., 2003; Mitchell and Waser, 1992). In swamp milkweed 
(Asclepias incarnata), mean flower handling time was strongly correlated with pollen 
removal, pollen deposition, and pollination efficiency (Ivey et al., 2003), meaning that 
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increased pollination success should result from slower foraging time. A positive 
relationship between mean flower handling time and pollination success has been shown 
in several other flowering plant species as well (i.e. (Conner et al., 1995; Hurlbert et al., 
1996).  In contrast, other studies show that pollinators that spent less time per flower had 
higher per visit pollen deposition rates and seed yield (Gomez and Zamora, 1999).  
The relative importance of flower handling time is one element of the complex 
process of pollination. For example, in the case of the endemic herb Alstroemeria aurea, 
a native bumble bee (Bombus dahlbomii) spent more time per flower and was a 
significantly more efficient pollinator than its alien competitor (Bombus ruderatus), but 
the overwhelming abundance of the alien pollinator rendered it a more important 
contributor to the plant’s pollination success (Madjidian et al., 2008). This result agrees 
with other findings that visitation frequency is the most important predictor of a 
pollinator’s contribution to the plant’s reproductive success. This is because highly 
frequent pollinators usually contribute disproportionately to the plant’s pollination 
success even if their per-visit effectiveness is relatively low (Morris, 2015; Sahli and 
Conner, 2006; Vázquez et al., 2005). Visitation frequency is in part a result of species 
abundance, meaning that rare species tend to have lower visitation frequency (Dupont et 
al., 2003; Vazquez and Aizen, 2006). The most effective pollinators are both abundant in 
an area and forage quickly from flower to flower (visitation rate component), coming into 
frequent contact with the stigma and transferring many pollen grains (pollen transfer 
component) (Rader et al., 2009).  
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 Previous work (chapter 1) showed that out of the 6 pollinator groups I 
encountered, the smallest native bees (mostly Lasioglossum spp.) were the most frequent 
visitors of watermelon flowers in many of the watermelon fields, especially the fields 
with wildflowers. From 2016-2018, the average proportion of visits to watermelon 
flowers from this group alone ranged from 24 - 34% of all visits. Large bees (Bombus 
spp. and Xylocopa spp.) and medium bees (Melissodes spp., Halictus spp., and Megachile 
spp.) also contributed a large proportion of visits to watermelon flowers, with a combined 
mean contribution of 28 - 47%. Honey bees ranged from 20 - 29% of all visits on average 
from 2016-2018. Campbell et al., (2018) showed that Bombus impatiens and Melissodes 
spp. were the most effective at depositing pollen on watermelon flowers out of 5 bee 
genera on Florida watermelon fields. Agapostemon splendens deposited on average about 
half the amount of pollen per visit as B. impatiens, and Lasioglossum spp. deposited on 
average about a third the pollen deposition rate of B. impatiens (Campbell et al., 2018). 
Similarly, Bombus californicus was efficient at depositing pollen on watermelon stigmas 
after just one visit but was not abundant on watermelon farms in California, while 
Halictus tripartitus was a much more frequent visitor but did not deposit as much pollen 
per visit. When combined, these two species alone were able to provide ample pollination 
services to the watermelon crop in one year (Kremen et al., 2002). By combining 
visitation frequency on watermelon farms in the Northeast with pollen deposition rates, 
Winfree et al., (2007) found that bumble bees alone pollinated the crop fully at 70% of 
farms and small bees (mostly Lasioglossum spp.) alone at 57% of farms, despite their low 
pollination efficiency on a per-flower basis. Many bee species were shared between my 
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study and Campbell et al., (2018) and Winfree et al. (2007), including B. impatiens, M. 
bimaculata, L. pilosum and L.imitatum, however there are differences in community 
composition. Nonetheless, in my study the relative inefficiency in per-visit pollen 
deposition of small bees (Lasioglossum spp.) and their slow flower handling time may be 
outweighed by their frequency of visitation and floral constancy. Given the high 
efficiency per flower that Bombus spp. and Melissodes spp. display in previous studies, 
combined with their fast flower handling time and abundance in my fields, these two 
groups are arguably the most important pollinator groups for watermelon in this study 
region. However, I observed higher rates of floral inconstancy in Bombus spp. than in 
other groups which may negatively affect their pollination efficiency. 
A diverse pollinator community creates a more stable and resilient pollination 
environment for pollinator-dependent crops than managed species alone because it 
includes a variety of foraging behaviors, per-flower efficiencies, body sizes, emergence 
periods, and temporal and spatial activities (Brittain et al., 2013; Pisanty et al., 2016). In 
apple orchards, pollination services were greater where there was a mix of bees with 
different, complementary qualities compared to orchards with honey bees alone. This was 
due to a combination of honey bees which are abundant but less effective, mining bees 
(Andrena) which are effective and abundant but slow foragers, and bumble bees which 
are less abundant but faster and able to forage in less favorable weather conditions 
(Martins et al., 2015). The variety in flower handling time, floral constancy, per visit 
efficiency and temporal activity in the pollinator community of my study may reflect 
similar effects on watermelon pollination.  
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Previous work showed that most of the watermelon pollinator species in my study 
also foraged on one or more of the wildflower or weedy species in watermelon fields 
(chapter 2). Despite the presence of multiple other rewarding floral species, most 
individuals exhibited floral constancy, a desirable trait for effective pollination because it 
reduces the possibility of heterospecific pollen transfer (Waser, 1986). Thus, individuals 
of the same species or colony (in social species) exhibited variation in floral choice but 
tend to be specialists on those species. In addition, watermelon flowers in fields with 
wildflowers received about the same number of visits as control fields without additional 
floral resources, but small native bees (Lasioglossum spp.) were much more abundant 
when wildflowers were present (chapter 1). Thus, the wildflowers are likely not 
competing for pollination services but simply adding to the diversity of food resources, 
attracting and maintaining a diverse pollinator community 
However, my results on floral constancy are biased toward larger bees because 
they were the easiest to follow for longer foraging sequences, so including more species 
may present new results. There was a lack of consistency in the number of flower visits I 
was able to follow per bee and a low sample size which impacts the certainty of floral 
constancy when the number of visits was very low. Lasioglossum spp. were sometimes 
very difficult to see on watermelon flowers because they forage so far into the flower 
with their head often under the stigma, so that much of their body is obscured by the 
stigma, and when they transition to another flower they move so erratically that they are 
easily lost. Megachile spp. and syrphid flies move quickly between flowers, sometimes 
only alighting a second or two before flying quickly to another location far away, thus 
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making them difficult to follow. Green bees (Agapostemon spp. and Augochlorini) spend 
a few seconds on a flower, but also do not follow a sequence of flowers in close 
proximity and are easily lost after a single visit.  Bombus spp., Xylocopa spp. and 
Melissodes spp. move quickly from flower to flower but spend a few seconds longer per 
flower and often will move along a row so that they are easier to follow in a sequence.  
Honey bees spend more time per flower and are easily followed as they fly or hover 
relatively slowly between flowers close to each other. Further research into floral 
constancy that includes measuring heterospecific pollen transfer on watermelon stigmas 
is necessary to account for these difficulties in following certain pollinators.  
Flowers with different morphologies require different handling techniques which 
make switching between species more energetically costly than staying constant to one 
species (Heinrich, 1976). However, even species like honey bees known for their floral 
constancy can exhibit inconstancy in response to the amount of floral rewards available 
(Grüter et al., 2011). Also, floral species with similar morphologies may require the same 
handling techniques, allowing the pollinator to switch between species without an 
energetic cost (Amaya-Marquez, 2009). Therefore, the differences in flower size, 
morphology, and rewards on my fields may have been great enough to promote floral 
constancy of pollinators and may be a key component to recommending floral mixes for 
farms. There also may be a density threshold at which wildflowers in an agricultural field 
compete with the crop for pollination services instead of facilitating or having a neutral 
effect (Rathcke, 1983). Choosing co-flowering species that flower before and after crop 
bloom but less during crop bloom would attract pollinators to the area and provide 
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enough food sources to maintain healthy populations while alleviating the potential for 
competition with the crop. Overall, the floral constancy I observed supports 
recommendations and growing evidence for providing floral resources in agricultural 
areas to support and attract a diverse native pollinator community. A diverse pollinator 
community, like the one observed in many of my watermelon fields, provides a more 
resilient and more stable pollination environment for watermelon and other pollinator-
dependent crops than managed pollinators alone could provide (Brittain et al., 2013). The 
benefits of resilience and stabilization to the crop pollination services as well as the 
inherent value of biodiversity arguably outweigh the possibility that bees could move 
between floral species.  
More research into the foraging behavior on flowers needs to be conducted to 
fully understand the effectiveness of native pollinators in watermelon pollination and 
other pollinator-dependent crops. No studies to date have investigated aspects of behavior 
specific to watermelon pollination like stigma contact, grooming behavior, whether 
pollinators are collecting pollen or nectar, and other in-flight and on-flower behaviors 
that can dictate pollinator effectiveness. This is the first study that records flower 
handling time for native bees other than B. impatiens on watermelon and to record the 
possibility of heterospecific pollen transfer between watermelon and co-flowering species 
in agricultural settings. A more complete assessment of this behavior should include 
examining heterospecific pollen loads per pollinator species on watermelon stigmas in 
addition to floral constancy behavior.  
CONCLUSION 
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On farm enhancements with additional floral resources can support a more 
diverse community of wild pollinators so that pollination services are more resilient and 
robust to environmental change (Feltham et al., 2015; Kennedy et al., 2013; Morandin 
and Kremen, 2013). This study verifies previous results (chapter 1 and 2) suggesting that 
implementing wildflower strips and maintaining weedy flower edges on watermelon is 
beneficial to watermelon pollination services and the native pollinator community. I 
observed a range of foraging behaviors which may together complement each other to 
provide more effective pollination services. While Lasioglossum spp. had longer flower 
handling times and lower pollen deposition rates (Campbell et al., 2018; Kremen et al., 
2002; Winfree et al., 2007), its higher visitation frequency than most other pollinator 
groups across three years may outweigh its weaknesses in foraging efficiency. 
Meanwhile, Bombus spp. had a much faster flower handling time on average, and a 
relatively high frequency of visitation, but showed some floral inconstancy on 
watermelon flowers. Other studies investigating pollinator effectiveness and native 
pollinator communities in crop systems should include foraging behaviors of each species 
to fully understand the likelihood of conspecific pollen transfer occurring.  
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Species   n Mean Duration of Visit (seconds) SE (seconds) 
Bombus spp.   137  2.7    0.1 
Xylocopa virginica  39  2.7    0.2 
Melissodes communis  72  3.5    0.3 
Melissodes bimaculata 121  3.6    0.3 
Agapostemon sp.   31  4.1    0.5 
Megachile spp.  53  4.4    0.5 
Apis mellifera   69  5.7    0.5 
Halictus sp.   11  9.3    2.8 
Augochlorini   50  16.5    2.9 
Lasioglossum spp.  29  37.2    7.2 
 
Table 3.1 Duration of visits per pollinator species on single watermelon flowers in South 
Carolina watermelon fields  
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Figure 3.1 Flower handling time in seconds per bee species on C. lanatus flowers. Central 
lines are medians, boxes represent interquartile range and whiskers represent 10%/90% 
quantiles. Bee groups were identified in the field and not collected, but other research 
(chapter 2) involving collecting pollinators foraging on C. lanatus flowers in the same 
fields showed that the only Agapostemon species collected was A. splendens, 
Augochlorini collected were mostly Augochlorella aurata, but also Augochlora pura, 
Auglochloropsis metallica fulgida, and Augochloropsis sumptuosa, Bombus species 
consisted of B. impatiens, B. fraternus, B. griseocollis and B. pensylvanicus, Halictus 
species were mostly H. poeyi but also H. rubicundus, Lasioglossum species was mostly 
L. callidum but also 16 other species, Megachile species were mostly M. mendica but 
also M. petulans, M. pseudobrevis, M. texana,and M. xylocopoides. 
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A. Citrullus lanatus 
Bee group   n Mean #flowers followed Switched 
species/Total  
Augochlorini   8 5    0/8 0% 
Bombus fraternus  2 67    1/2 50% 
B. griseocollis   4 43    3/4 75% 
B. impatiens   16 25    4/16 25% 
B. pensylvanicus*  2 62    2/2 100% 
Lasioglossum spp.  24 4    3/24 12.5% 
Melissodes bimaculata 16 19    2/16 12.5% 
Megachile spp.  33 7    2/33 6% 
Total      105 29    17/105 16% 
*All Bombus species combined:  
N=24, Mean flowers followed=49, Switched species/total=10/24  42% 
 
B. Other species (Cosmos sulphureus, Gaillardia pulchella, Rudbeckia hirta, Zinnia 
elegans, Trifolium sp.) 
Bee group   n Mean #flowers followed  Switched 
species/Total  
Bombus sp.    19 10    6/19 31.5% 
B. fraternus   8 26    3/8 38% 
B. griseocollis   4 40    2/4 50% 
B. impatiens   7 9    2/7 28.5% 
B. pensylvanicus**  21 22    6/21 28.5% 
Megachile spp.  5 8    2/5 40% 
Total     64 21    21/64 33% 
** All Bombus species combined: 
N=59, Mean flowers followed=21, Switched species/total=19/59  32% 
 
Table 3.2 Floral constancy exhibited by bee pollinators of Citrullus lanatus on 
watermelon fields with co-flowering wildflowers and watermelon. A. Bees observed that 
started on C. lanatus B. Bees observed that started on another floral species. “Mean 
flowers followed” is the mean number of flowers observed in a foraging sequence by one 
observer. “Switched species/total” is the number of individuals that moved between floral 
species in an observed foraging sequence. 
 
 CHAPTER 4 
PLANTING WILDFLOWER STRIPS ON WATERMELON FIELDS TO SUPPORT 
NATIVE POLLINATOR BIODIVERSITY1 
 
My goal is to provide information relevant to watermelon growers and the conservation 
community in South Carolina and condense research that pertains to important topics 
for pollination in this crop system. I clarify why supporting native pollinators is critical 
to the future of food security, agriculture, and natural ecosystems. I address five 
questions:  
1. Why conserve biodiversity of the pollinator community? 
2. Why include on-farm enhancements? 
3. How can I enhance native pollinators on farms?   
4. Could wildflowers draw pollinators away from my crop or have other 
negative effects? 
5. What are the most common native pollinators on watermelon fields 
in South Carolina and how can I protect them? 
  
1. Why conserve biodiversity of the pollinator community? 
 
Globally, pollinators are declining at alarming rates due to a combination of 
habitat loss and corresponding lack of food resources, increased pests, parasites, and 
pesticide use (Goulson et al., 2015). The Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services estimated that 40% of the world’s invertebrate 
pollinators are at risk of extinction (IPBES, 2016) but there is still little to no 
information about many wild species (Goulson et al., 2015). The European honey bee 
Apis mellifera remains the most important managed agricultural tool for pollination but 
is facing multiple threats, including the introduction of Varroa mites and overexposure 
to pesticides, resulting in average annual colony losses in the US of 40-50% since 2006 
(Lee et al., 2015). Our current reliance on a small number of managed species, mostly 
the honey bee, for pollination services, is unsustainable (Brittain et al., 2013). One 
 145
reason is that more than 75% of the world’s leading food crops rely on animal 
pollination for maximum quality and yield and reliance on a single species 
demonstrably vulnerable to disease is risky (Klein et al., 2006). In addition, many crops 
produce more fruit or better quality fruit when a more diverse community of pollinators 
contribute to pollinating the crop (Garibaldi et al., 2014). Wild bees improve seed set, 
quality, shelf-life and commercial value of many crops (Winfree et al., 2011) and are 
more efficient pollinators of certain crops including watermelon (Winfree et al., 2007). 
Wild pollinators also pollinate about 2/3 of wild flowering plants in natural ecosystems, 
providing food in the form of plants, seeds and fruits for other wildlife from birds to 
bears. Therefore, protecting these keystone species is critical for the future of the food 
supply and functioning ecosystems alike.  
                                                               
 
 
Many in the agricultural industry and conservation community are unaware of 
the actual diversity and services provided by wild native pollinators. In my study in 
central and coastal South Carolina watermelon fields, I observed and collected 59 
species of native pollinators that visited watermelon in 2016, 2017 and 2018. Most of 
these were bees in the families Halictidae, Apidae, and Megachilidae. Native pollinators 
Watermelon is the largest acreage 
vegetable crop grown in South 
Carolina. It has separate male and 
female flowers, making it 
completely dependent on 
pollinators to set fruit by moving 
pollen from the male flowers to the 
stigmas of the female flowers. 
Insufficient pollination can lead to 
misshapen fruit and poor yields. 
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provided most of the flower visits (71-80% of visits) to watermelon on 21 fields, despite 
honey bee hive placement near all fields for pollination. Of those native bee visits, tiny 
sweat bees (Lasioglossum spp.) made up 24-34% of visits depending on the year, large 
bees (bumble bees and carpenter bees) made up 14-29% of visits, medium bees (long-
horned bees, leafcutter bees, medium-sized sweat bees) made up 10-22% of visits, green 
bees made up 2-4%, and other insects 4-7%. Previous research showed that wild bees, 
especially bumble bees and long-horned bees, are much more efficient pollinators of 
watermelon on a per-visit basis than honey bees by depositing more pollen each time 
they land on a female flower (Campbell et al., 2018). Many wild bees also forage earlier 
in the morning than honey bees when watermelon flowers are most receptive and in 
more adverse weather conditions (Stanghellini et al., 2002). Therefore, the wild 
pollinator community of watermelon in South Carolina provides critical pollination 
services for this crop. Watermelon growers should consider  implementing on-farm 
efforts to conserve a diverse pollinator community for the future of this and other 
pollinator-dependent crops. 
  
Average proportion of watermelon flower visits 
contributed by 6 pollinator groups over 3 years 
on 21 watermelon fields in South Carolina. Wild 
bees, made up of 4 groups and 50 species, 
contributed the majority of visits in all 3 years 
but the proportions of each group varied by year 
and by field. 
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Habitat loss. Native bees require habitat that provides them food (flowers) and 
shelter (nesting materials and appropriate habitat). Other non-bee pollinators share in 
common the need for floral resources but exhibit different natural histories and 
different area requirements from bees. For example, hover flies (Syrphidae) do not have 
nests and thus do not require nesting sites like bees; others require certain plant hosts 
or prey in their larval stage, such as Monarch butterflies and milkweed. Some fields 
provide all the resources wild pollinators need. For example, most fields in our study 
were small, allowed weedy flowers to grow in ditches and unused areas, included 
wildflower strips, and were part of a polyculture (multiple crop types) system. Thus, the 
environmental conditions of the fields and edges in our study likely provided enough 
habitat and food resources for a relatively diverse community of pollinators. More 
research would reveal how far these pollinators travel to access habitat. 
If habitats are not available on fields as may be the case in larger more 
homogenous field systems, then wild pollinators would depend on areas farther away or 
may not be able to find refuging habitat, and fail to persist. High rates of land use 
change and urbanization in the Charleston area, in accordance with global trends for 
coastal cities (Neumann et al., 2015), would likely affect native pollinator communities 
and other wildlife on coastal farms. Charleston became the largest city in South Carolina 
in 2017 with a 12.4% population change from 2010-2017 (from ~120,000-135,000 
residents). Mt. Pleasant, a suburb of Charleston, is the fastest growing suburban town in 
South Carolina, nearly doubling in population from 2000-2017 (US Census Bureau). 
Uncontrolled, unplanned growth consuming a disproportionate amount of land, or 
urban sprawl, has dominated urbanization trends in this region. From 1973 to 1994, a 
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one percent increase in population in the Charleston area resulted in a six percent loss 
in forest and farm land (Allen and Wu, 2002). Urbanization leads to a less diverse 
pollinator community with a bias towards more common, generalist species (Deguines 
et al., 2016). Specialist bees, butterflies and flies that rely on a small range or one type of 
pollen or larval host are most vulnerable to land-use change (Winfree et al., 2011). 
Habitat loss and fragmentation, a consequence of urbanization, is most likely the key 
factor driving bee declines (Potts et al., 2010) and in general is negatively correlated 
with wild bee abundance and species richness (Ricketts et al., 2008). The amount of 
high quality habitat surrounding a farm in combination with local-scale field diversity 
and organic management are the most important factors that support wild bee 
communities. In simplified monoculture fields, the surrounding habitat becomes more 
important, and the benefits of on-farm diversification and management become greater 
(Kennedy et al., 2013). On average, fields 1.5 km away from natural habitat patches can 
be expected to contain 50% of the pollinator diversity of fields closest to these patches 
(Ricketts et al., 2008). Larger-bodied pollinators can forage longer distances from their 
nests (Greenleaf et al., 2007), so with increasing distance from natural habitat, fewer 
pollinator species are able to either forage to that distance or nest in fields so isolated 
from native resources (Ricketts et al., 2008). Social bees like bumble bees and some 
ground nesting bees are more negatively affected by land-use change than solitary bees, 
possibly due to pesticide bioaccumulation in the larger nests of social species (Williams 
et al., 2010). Species that nest above ground in pre-existing cavities (such as bumble 
bees and leafcutter bees) are more sensitive to disturbance and isolation from natural 
habitat than ground nesting bees or species that excavate their own nests (such as 
carpenter bees). This may result from above-ground nest sites becoming more limited 
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with increasing disturbance whereas bare soil may become more available (Williams et 
al., 2010). However, urbanization can provide a filter for the bee community, benefitting 
some bee species, cavity-nesters and exotic species especially, by creating more nesting 
opportunities in the form of wood sheds, fences, trees and homes but limiting 
opportunities for ground-nesting or above- ground nesting species (Matteson et al., 
2008).  
In contrast, almost half of the 48 counties in South Carolina show trends of 
declining population mostly in rural areas (Tippett, 2015) so the same threats from 
urbanization may not apply to the pollinator populations there. Instead, agricultural 
intensification may result from declining human population in these regions. From local 
to landscape scale, agricultural intensification is generally correlated with a decrease in 
abundance, diversity and pollination services of native pollinators (Kremen  and 
Chaplin-Kramer, 2007). This detrimental effect on pollinators is due to a combination of 
the effects of increased pesticide use, destruction of nest sites from tillage and removal 
of woody vegetation, loss of natural to seminatural habitat and decreased crop and weed 
diversity (Kremen et al., 2007). Bee species that nest above ground are more negatively 
affected by agricultural intensification than species that nest below ground (Williams et 
al., 2010). However, agricultural areas, when not intensively managed, can provide 
habitat for pollinators especially when they break up landscapes dominated by forests 
(Tscharntke et al., 2005).  
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Most watermelon fields in our study in South Carolina were on diversified farms, including multiple crop types, 
weedy flowers on field edges or wildflower strips and were part of a more heterogenous landscape, with forest edges 
lining fields and fallow fields nearby. These farm conditions are better able to support insects and other wildlife than 
intense monoculture agriculture, likely resulting in the diverse community of pollinators we observed. Pictured is 
Rosebank Farm on John’s Island, SC. 
2. Why include on-farm enhancements?  
Native bees have two basic needs: flowers and nesting sites. Other pollinators 
may need nesting areas but may require certain plant hosts for their larvae, such as the 
Monarch butterfly and milkweed. Protecting pollinators and the services they provide 
on farms can be achieved by improving on-farm management practices in addition to 
protecting high quality habitat around farms (Kennedy et al., 2013). One commonly 
suggested method of improving conditions for pollinators in agro-landscapes is planting 
alternative floral resources, i.e. wildflower strips or hedgerows, to increase floral 
A resilient and stable pollinator community includes 
a diverse suite of pollinators with a range of nesting 
habits, foraging behaviors, and activity periods. 
These different behaviors and life history traits 
complement each other and can buffer against year 
to year fluctuations or environmental changes that 
affect pollinator species differently. 
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diversity, food resources and potential nesting resources. Wildflowers and hedgerows 
can provide food and nesting resources for bees and other pollinators, as well as 
predatory and parasitic insects, enhancing species richness and abundance of these 
beneficial insects (Garibaldi et al., 2014). Beyond providing resources and habitats for 
agrobiodiversity, specific techniques such as the use of hedgerows or wildflower strips 
may also enhance the connectivity of landscapes which can benefit other wildlife species 
(Kremen and Merenlender, 2018). 
Charleston study. From 2016-2018, I studied the effects of implementing 
wildflower strips on South Carolina watermelon fields in terms of the diversity of 
watermelon pollinators, the number of visits to watermelon flowers and the diversity of 
the whole pollinator community in comparison with control fields that did not have 
wildflower plantings. The wildflower strips consisted of four native plant species (Zinnia 
elegans, Gaillardia pulchella, Coreopsis tinctoria, Cosmos sulphureus), chosen for their 
drought-tolerance, fast germination rates, hardiness, difference in flowering period, 
length of flowering period, and attractiveness to a variety of pollinating insects.  
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My study showed that when wildflowers were on the field, the number of visits to 
watermelon was significantly higher for one group of pollinators, tiny sweat bees. These 
small, metallic grey-green bees nest underground, vary from solitary to social depending 
on the species, and do not forage more than a few hundred meters from their nest 
(Gibbs, 2011). Despite their low efficiency in depositing pollen on watermelon flowers 
(Campbell et al., 2018), their high visitation frequency, which is considered the most 
important factor in determining a pollinator’s overall efficiency (Vázquez et al., 2005), 
may render them important pollinators in this system. In one year, honey bee visitation 
was significantly higher in control fields than in fields with wildflowers. This may have 
been a result of limited resources available for wild pollinators in control fields. 
Wildflower seedlings were transplanted after a 
month of growth in seed trays on the edges of 
watermelon fields in April, before watermelon 
transplants were put in the fields (L). The 
flowering period of the wildflowers began in 
May before watermelon bloom and lasted into 
August, long after watermelon was done 
flowering. The total area was relatively small at 
3’ wide and 200-300’ long. The wildflowers 
were irrigated to ensure abundant bloom and 
survival, but at one site they were not irrigated 
and took longer to develop but survived and 
flowered later. A lower maintenance method 
would be broadcasting wildflower seeds in the 
fall for spring germination. 
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Overall, the biodiversity of the pollinator community was higher in watermelon 
fields with increased floral diversity, with nearly twice the number of pollinator species 
collected on watermelon fields with wildflowers compared to control fields. In addition, 
the species richness of pollinators collected visiting watermelon flowers was slightly 
higher in fields with higher floral diversity than those with only watermelon flowers. The 
mean number of watermelon pollinating species per field was approximately 15 species 
(14.5 species, 15.8 species and 16.3 in 2018, 2017 and 2016 respectively). The mean 
number of total pollinators (including wildflower pollinators) per field was about 24 
species (23 species, 27 species and 22 species in 2018, 2017 and 2016, respectively).  
    
 
More than half (64%) of the watermelon pollinator species we collected were also 
collected on one or more of five wildflower species in our study, demonstrating that 
social colonies of bees, solitary bees, and other insects like syrphid flies and butterflies 
use the multiple floral species as resources on the watermelon field in addition to the 
Tiny sweat bees 
(Lasioglossum spp.) 
pictured here on Zinnia, 
are so small they often go 
unnoticed. They were the 
most frequent 
watermelon visitors on 
many fields in our study 
and were the most 
frequently collected bees 
as well. Sixteen species of 
these bees were collected 
visiting watermelon. 
The Southern plains bumble bee 
(Bombus fraternus) (L) and American 
bumble bee (Bombus pensylvanicus) (R) 
were frequent watermelon and 
wildflower pollinators on farms in SC. 
They are considered endangered and 
vulnerable by the IUCN, respectively, 
with large recent declines in populations 
and geographic range. 
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crop flowers when they are available. In fields with wildflowers, we also observed or 
collected a wide range of pollinators and insects that do not pollinate watermelon but 
used the other floral resources available. In total combining pollinators collected and 
observed on both wildflowers and watermelon, 82 insect species visited the six most 
common floral species on watermelon fields in our study. Therefore, when wildflowers 
and weedy flowers are available on the farm landscape, a more diverse community of 
beneficial insects is supported. This community included declining species like Monarch 
butterflies, the American bumble bee and the Southern plains bumble bee and parasitic 
and predatory flies and wasps that can control crop pests.  
 
 
Incorporating wildflowers on 
watermelon fields supports insect 
biodiversity of non-crop pollinators 
as well as crop pollinators. In South 
Carolina watermelon fields, 
wildflowers attracted a variety of 
non-watermelon visitor insects like 
bee flies (Bombyliidae), Palamedes 
swallowtails (Papilio palamedes), 
Monarch butterflies (Danaus 
plexippis), and sunflower bees 
(Svastra spp.). Beyond pollinating 
crops and contributing to the 
human food system, wild 
pollinators have intrinsic value that 
cannot be monetized. 
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3. How to enhance native pollinators on farms?
Three main components of on-farm management should be considered to improve 
abundance and richness of native pollinators, especially bees.  
1. Increasing floral resources
2. Increasing nesting sites
3. Reducing pesticide use
Increasing floral resources. Increasing floral resources on farms can be 
achieved in multiple ways. Planting wildflower strips in or along the edges of fields, 
especially if using drought-tolerant perennials, is a low-maintenance way to provide 
food for pollinators beyond the crop bloom period. Wildflower seeds can be broadcast in 
the fall for spring germination. Introducing a variety of flower species that vary in their 
flowering period, preferably extending from early spring to late fall, will ensure that 
pollinators that emerge or are active at different times of the year have sufficient food 
resources. Planting native species is encouraged as they will attract a more diverse suite 
of pollinators than non-native plants. A list of native plants that are well suited for the 
southeastern US can be found at https://xerces.org/pollinator-conservation/plant-
On Rosebank Farm on John’s 
Island, SC, farmer Sidi Limehouse 
incorporates wildflower meadows 
and strips on his farm as part of his 
crop rotation and in any unused 
areas of the farm. He harvests a 
portion of the flowers to sell as cut 
flowers and bouquets at his 
roadside farm stand along with 
watermelon and several other crops 
he grows.    
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lists/pollinator-plants-southeast-region/. Hedgerows are a similar method that usually 
incorporate woody vegetation like shrubs and trees and can provide other services for a 
crop field such as a wind break. Planting flowering cover crops to rotate fields, improve 
soil conditions or prevent erosion can also serve as an opportunity to provide a food 
source for some pollinators. Most cover crops are non-native plants so they are likely to 
only attract more common pollinator species that are able to adapt to a wide variety of 
floral types (Vaughan et al., 2015). For example, white clover (Trifolium repens) planted 
in watermelon fields in our area most commonly attracted European honey bees and the 
Common Eastern bumble bee. Therefore, flowering cover crops should be considered a 
supplemental floral resource in addition to high quality native plant habitat. Planting a 
wider variety of flowering crops would also provide a more diverse floral environment 
for pollinators, in addition to helping prevent pest outbreaks. Lastly, retaining non-
invasive weedy flowers in ditches, field edges and other non-arable areas by reducing 
herbicide spraying and mowing can provide important food sources for pollinators and 
refugia for natural enemies of crop pests. Verbena (Verbena hastata), wild vetch (Vicia 
sativa) and wild radish (Raphanus raphanistrum) were some of the common weedy 
plant species close to watermelon fields in our study, and many pollinators also forage 
on these species.  
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Increasing nesting sites. Nesting sites for bees on watermelon fields in South 
Carolina should include consideration of the two main types of nesting habits exhibited 
by bees in our study: ground-nesting (61% of pollinating species) and cavity-nesting 
(26% of pollinating species). Ground nesting bees tend to be the most common bees in 
agricultural areas, possibly due to the availability of nest sites compared to the needs of 
cavity-nesting bees (Sheffield et al., 2013). Ground nesting bees, (digger bees), nest in 
various soil conditions but mostly in well-drained sandy soils with sun exposure often in 
or very close to farm fields (Cane, 1991). The most common bees collected on 
watermelon fields in our study, tiny sweat bees Lasioglossum spp., nests in sandy, 
loamy and clay soils in solitary, communal or social colonies depending on the species 
(Gibbs, 2011). Most wild bees’ nesting habits are poorly understood or have never been 
studied so there is a lack of information on this topic. Cavity-nesting bees have much 
Bumble bee queens, such as this Southern plains bumble bee 
(Bombus fraternus) queen, emerge in early spring and are the 
sole foundresses of their colonies, consisting of hundreds of 
workers. They require plenty of early spring to late fall flowers 
to ensure a healthy colony.  
 
Indian blanket 
(Gaillardia pulchella) 
(L) and Plains 
coreopsis (Coreopsis 
tinctoria) (R) are easy 
to grow, perennial, 
drought-tolerant 
native wildflowers to 
the southeast that 
attract a wide variety 
of pollinators and 
other insects 
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different requirements since they excavate wood or use pre-existing rodent or insect 
holes and plant material as nests. Forest edges near fields provide much of the wood, 
dead and rotting plant material, snags and abandoned rodent holes needed by cavity 
nesting bees. Bumble bees, one of the most frequent and likely important pollinators of 
watermelon in our region, nest in tufts of grass, under sheds and hay bales, and in old 
rodent holes (Hatfield et al., 2012). Thus, maintaining semi-natural areas on the farm, 
especially woods and meadows, would enable these bees to nest closer to the farm field, 
making them more likely to visit a crop in bloom. Reducing disturbances at the soil level 
or below by incorporating no-till and avoiding herbicide spraying, mowing and driving 
over farm fields will protect wild bee nests. Other insects that pollinate watermelon and 
other crops often do not need nesting sites (i.e. syrphid flies) but may have other 
requirements such as host plants for larval stages (i.e. butterflies).  
 
Minimizing pesticide use. Pesticides, in combination with limited floral 
resources and increased pathogens and parasites, are linked to the sharp decline in 
recent years of domesticated and wild bees (Goulson et al., 2015). Herbicides and 
fungicides have sub-lethal effects on bees and their effects are more devastating when 
Exposed sandy soils in direct sunlight seen 
here in Charleston, South Carolina may 
provide nesting habitat for ground nesting bees 
in the field. A forested edge of the field may 
provide nesting habitat for cavity nesting bees.  
 159
used in combination with insecticides (Tsvetkov et al., 2017). Therefore, reducing 
agrochemical use on farm fields is essential to protecting pollinators for the future. Of 
course, some pesticides are more toxic than others and even some organic pesticides like 
Spinosad are highly toxic to bees (Winfree, 2010). Systemic pesticides which became 
available in the 1990’s are especially toxic to pollinators because the chemical is taken 
up by all the plant tissues including the pollen and nectar. The most toxic pesticides for 
honey bees include organophosphates, neonicotinoids, pyrethroids, and the insect 
growth regulator novaluron (Park et al., 2015). Pesticide effects are much less 
understood for wild bees and are not included in the EPA pesticide registration process. 
However, the neonicotinoids imadocloprid, clothianidin and thiamethoxam are highly 
toxic to bumble bees, blue orchard mason bees (Osmia lignaria) and alfalfa leafcutter 
bees (Megachile rotundata). Bumble bees and solitary bees can be affected by lower 
concentrations of neonicitinoids than honey bees (Hopwood et al., 2016). Pollinators 
come into contact with pesticides directly or indirectly by foraging when spraying is 
occurring, by foraging on flowers from plants treated with systemic pesticides, by 
nesting in or near a field that has been sprayed, or by contacting residues on flowers or 
leaves after the application (Vaughan  et al., 2015). Often growers heed to 
recommendations or pesticide labels that suggest avoiding spraying during periods of 
high honey bee activity or near their hives, but less notice is taken for wild bees 
(Winfree, 2010). If pesticides are required, measures that can be taken to reduce non-
target animals exposure to them include spraying in low wind conditions (<9mph), 
creating windbreaks and buffers between fields by planting stands of evergreen trees, 
avoiding formulations like dusts, wettable powders, micro-encapsulated broad-
spectrum insecticides and flowable formulations, avoiding spraying during crop bloom, 
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spraying in the warmest weather possible, and spraying in the evening at least an hour 
after sunset when less pollinators are active. Reducing the need for pesticides by 
rotating crops, planting pest-resistant crop varieties, increasing habitat for predatory 
and parasitic insects and insectivorous birds, closely monitoring pest populations, and 
planting multiple crop types is also worth considering (Hopwood et al., 2016). 
 
Wildflowers in agricultural areas attracts beneficial insects that can reduce the need for pesticide use 
by keeping pest populations in check. Some of the most common predatory and parasitic insects in 
wildflower strips in our study included vespid and sphecid wasps (L & middle) which consume other 
insects in their adult stage and drink nectar from flowers as a carbohydrate source and syrphid flies (R) 
which consume aphids and other insects in their larval stage and are nectar feeders as adults.  
 
One way to address all three of these aspects of land management is to increase the 
amount of semi-natural habitat in the landscape (Kremen et al., 2004). This can be 
achieved by planting wildflowers in areas unsuitable for planting crops, letting part of 
the farm go fallow for a couple of years especially if it has significant pest issues, or 
retaining wooded areas as wildlife habitat. Organic farming practices, which include 
increased habitat heterogeneity, are expected to increase wild bee abundance and 
richness by 70% and 50%, respectively (Kennedy et al., 2013). These resulting 
multifunctional landscapes can enhance other ecosystem services such as soil fertility, 
pest regulation and carbon sequestration without diminishing crop yields (Kremen and 
Miles, 2012). For more information on improving conditions for bees on farms, see 
https://xerces.org/pollinator-conservation/agriculture/.  
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Farmers can access multiple sources of funds and guidance for creating pollinator 
habitat on their farm. NRCS (Natural Resource Conservation Service) and (FSA) Farm 
Service Agency provide federal funds and technical assistance through programs like 
CRP (Conservation Reserve Program).  In addition, Project Apis m is a non-profit 
organization that gives wildflower seed mixes and technical guidance to farmers through 
the Seeds for Bees program https://www.projectapism.org/apply-to-enroll.html. 
4. Could wildflowers draw pollinators away from my crop or have other 
negative effects?  
Given that most pollinators in our region are generalists, meaning they forage on 
a wide variety of flowering plants, a legitimate question is whether incorporating other 
flowers onto a watermelon field would draw pollinators away or cause competition 
between the crop and other flowers for pollination. However, bees, flies, and even 
pollinating birds often forage on only one type or species of flower during their foraging 
bouts, ignoring other rewarding species (Waser, 1986). This behavior is called floral 
constancy, which Aristotle noted about honey bees in 350 BC: “On each expedition the 
bee does not fly from a flower of one kind to a flower of another, but flies from one 
violet, say, to another violet, and never meddles with another flower until it has got back 
to the hive" (Grant, 1950). Floral constancy is a desirable trait for crop pollinators 
because it reduces the possibility of different species of pollen mixing when the 
pollinator collects from multiple floral species (Waser, 1986). 
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American bumble bee (Bombus pensylvanicus) females foraging on three flower species in watermelon fields (Zinnia 
elegans/Zinnia, Gaillardia pulchella/Indian blanket and Citrullus lanatus/Watermelon) 
 
In a two-year study  in Charleston, SC (2016 & 2018), we found that most 
watermelon pollinator species (62%) also foraged on at least one of the other flower 
species in watermelon fields, but most individuals of several species observed did not 
move between floral species during their foraging bouts when multiple flower species 
were available. This implies that individuals of the same species or colony (in social 
species) vary in their floral choice but tend to be specialists on those species. Of the 
pollinator species observed, bumble bees had the highest rate of instances where they 
moved between floral species, but bumble bees also had the fastest flower handling time 
and have been previously shown to be highly effective at pollinating watermelon flowers 
because of how much pollen they can deposit per visit (Campbell et al., 2018). 
Therefore, their floral inconstancy may be outweighed by other qualities that make them 
efficient pollinators, including being some of the earliest visitors to watermelon when 
the flowers are most receptive to pollen receipt (Stanghellini et al., 2002).  
Flowers with different forms (i.e. corolla length, petal shape, stigmatic surface 
area, tripping mechanisms, etc.) require pollinators to use different handling techniques 
to access pollen and nectar. This makes switching between floral species with different 
forms more energetically costly than staying constant to one species (Heinrich, 1976). In 
contrast, floral species with similar forms may require the same handling techniques, 
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allowing the pollinator to switch between species much more easily (Amaya-Marquez, 
2009). Therefore, choosing floral species for a wildflower strip or hedgerow with a wide 
range of flower shapes, sizes and colors may encourage pollinators to stick to one 
species as they forage in a watermelon field. By pollinators remaining true to one floral 
species, the crop is more likely to receive only pollen of its own kind which is linked to 
better reproduction in plants. Moreover, the risk of foreign pollen clogging up the 
female reproductive parts is much reduced (Waser, 1986).  
Density of wildflowers and other flowering species on an agricultural field while 
the crop is in bloom may also play an important role in determining whether other 
flowering species compete with or facilitate crop pollination (Rathcke, 1983). Thus, 
adding wildflowers, hedgerows or reducing herbicide use on weedy flowers on a small 
scale near agricultural fields during the period when the crop is in bloom may be 
preferable to planting dense stands of co-flowering species. Additionally, choosing 
wildflowers or cover crops that flower before and after crop bloom but less during crop 
bloom would attract pollinators to the area before crop bloom, provide enough food 
sources to maintain healthy populations beyond crop bloom, and alleviate the potential 
for competition with the crop. Lastly, providing additional flowers on a perennial, long-
term basis and including nesting resources may ensure that these farm enhancements 
support adjacent crop pollination instead of competing for pollinators (Morandin and 
Kremen, 2013).  
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White clover (Trifolium repens), Verbena (Verbena hastata), and Watermelon (Citrullus lanatus) are examples of 
flowers with very different floral morphologies, i.e. amount of floral rewards, color, corolla shape and length to access 
nectar, and openness/ease of access). They are also from three different plant families (Fabaceae, Verbenaceae, 
Cucurbitaceae) which evolved with a different suite of pollinators. Pollinators learn how to handle each of these flower 
types differently to forage with the least amount of energy and species are adapted to certain floral morphologies. 
 
In addition, there is much more evidence that implementing additional floral 
resources on a farm is beneficial to crop pollination than there is that floral 
enhancement has any negative effects. Blueberries, tomatoes and mangos are among 
many other crops that have shown higher pollinator visitation and crop yields when 
additional flowers are provided in the form of wildflower strips or hedgerows on farm 
fields (Haaland et al., 2011). These benefits stem from the additional pollination services 
that a more diverse community of pollinators provide, which a farm with more diverse 
flowers can support. In our study, watermelon flowers in fields with wildflowers tended 
to receive about the same number of visits as when there were no additional floral 
resources, but small native bees (Lasioglossum spp.) visited watermelon flowers much 
more often when wildflowers were present. Thus, wildflowers are likely not competing 
for pollination services but simply adding to the diversity of food resources, attracting 
and maintaining a diverse pollinator community. 
Overall, the behavior of watermelon pollinators on our fields supports 
recommendations and growing evidence for providing floral resources in agricultural 
areas to support and attract a diverse native pollinator community. A diverse pollinator 
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community, like the one observed in many of our watermelon fields, provides a more 
resilient and more stable pollination environment for watermelon and other pollinator-
dependent crops than managed pollinators alone could provide (Brittain et al., 2013). 
The benefits of resilience and stabilization to the crop pollination services as well as the 
inherent value of biodiversity arguably outweigh the possibility that bees could move 
between floral species.  
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Common Native Pollinators of Watermelon 
in South Carolina  
In this section I give an overview and visual guide to the 8 most frequent 
visitor groups to watermelon observed during my study. 
Ground-nesting bees 
Seventy percent of wild bees nest underground, including most of the watermelon pollinating 
bees in our region. They excavate tunnels and egg chambers in the soil where the larvae develop. 
The type and conditions of soil they use are dependent on species but many use well-drained 
sandy or loamy soils.  
To protect them: Reduce tilling or use no-till and reduce mulching and herbicide use. Drip-
irrigation is preferable over flood irrigation or overhead spraying. Leave areas of bare ground on 
field edges and avoid driving over them. Many ground-nesting bees nest very close to the floral 
resource, and often in or near agricultural fields. Provide diverse floral resources before and 
after the crop bloom period. 
Tiny sweat bees (Lasioglossum spp.: Halictidae):   
 L. callidum, L. puteulanum, L. tamiamense  
Size: very small , 3.4 - 8 mm in length  Color: grey-green metallic  
Sociality: ranges from solitary-primitively eusocial    
17 species collected on SC watermelon fields 
Also forage on wildflowers and weeds 
Most frequent visitors to watermelon on many study fields, especially when wildflowers are also 
present 
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Medium sweat bees (Halictus spp. : Halictidae)   
H. poeyi, H. rubicundus 
 
Size: small-med     Color: striped white/black abdomen 
Sociality: primitively eusocial 
2 species collected on SC watermelon fields 
Also forage on wildflowers /weeds 
Very frequent in central SC watermelon fields pollinating watermelon, more commonly seen 
foraging on wildflowers in coastal SC 
   
  
 
Blue-green sweat bees  
Agapostemon spp., Augochlorella aurata, Augochlora pura* 
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Size: small-medium   Color: bright metallic green to green/blue,                        
male Agapostemon have a striped yellow and black abdomen 
Sociality: solitary 
5 species collected on SC watermelon fields 
Also forage on wildflowers/weeds 
Occasional watermelon visitor  
*A.pura is a cavity nester in rotting wood, but is in the same taxonomic group as these  
 
 
 
 
Long-horned bees (Melissodes spp. : Apidae) :  
Two-spotted long horned bee (M. bimaculata) 
Common long horned bee (M. communis) 
 
Size: medium  Color: varies, M. bimaculata is all black except for 
whitish/yellowish hind legs, M. communis has distinctive 
white/black striping on abdomen 
Sociality: solitary  
5 species collected on SC watermelon fields 
Also forage on wildflowers/weeds 
Very frequent in coastal and central SC watermelon fields 
Agapostemon sp.  
Augochlorini Augochlorini 
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Cavity-nesting Bees 
These bees have a wide range of nesting habits but either excavate their nests in soft wood or use 
pre-existing cavities and a variety of types of plant matter, mud or resin to construct brood cells.  
They require natural habitat near farms as nest sites and will forage varying distances to find 
food from there. Artificial nests such as wooden blocks with holes drilled in them allow for 
nesting of certain species with varying degrees of success. 
 
To protect them:  Natural habitat near farms, especially forest edges, should be protected. Dead 
plant material, brush piles, rotting wood, hollow stems and snags should be left untouched and 
collected near fields. Reduce tilling, mowing and other near-surface or sub-surface disturbance. 
Provide diverse floral resources before and after crop bloom.  
 
Leafcutter bees (Megachile spp. : Megachilidae) 
M. mendica, M. texana 
 
Size:  medium Color: varies, usually striped abdomen black/white, 
females typically have an abdomen that comes to a 
point like a teardrop, whereas males have a 
rounded abdomen  
Sociality: solitary 
5 species collected on SC watermelon fields 
Also forage on wildflowers/weeds 
Frequent visitors of watermelon in coastal and central SC 
M. bimaculata ♀  
M. bimaculata ♂ M. communis ♀  
M. bimaculata ♀  
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Notes: specialized pollen collecting hairs (scopa) are on the underside of the abdomen in 
females; females usually use fresh leaves to line the cells of brood in old wood-boring beetle 
holes or other wood cavities; males are often territorial  
  
  
 
Large carpenter bees (Xylocopa spp. : Apidae)  
Eastern carpenter bee (X. virginica) 
Southern carpenter bee (X. micans) 
 
Size: large color: all black with shiny abdomen (X.micans), black head 
and shiny black abdomen with brown thorax (X. virginica) 
Sociality: solitary 
2 species collected on SC watermelon fields 
Also forage on wildflowers/weeds 
Frequent visitors of watermelon in coastal and central SC 
 
Notes: nest in solid soft wood; males very territorial; distinguishable from bumble bees because 
of the shiny black abdomen whereas bumble bees have dense hair over their entire body 
  
Megachile sp. ♀  
Megachile sp. ♀  
Megachile sp. ♂ 
Megachile sp. ♂ 
X. micans  X. micans  
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Bumble bees (Bombus spp : Apidae)  
Common eastern bumble bee (B. impatiens) 
Southern plains bumble bee (B. fraternus)  
American bumble bee (B. pensylvanicus) 
Brown-belted bumble bee (B. griseocollis) 
 
Size: large  color: yellow and black in various color patterns, dense 
hairs cover almost every part of their body 
Sociality: primitively eusocial 
4 species collected on SC watermelon fields 
Also forage on wildflowers/weeds 
Frequent visitors of watermelon in coastal and central SC 
 
Notes: Bumble bees nest below, on or above the ground in various cavities including old rodent 
holes, tufts of large grasses, or hay bales. The American bumble bee (Bombus pensylvanicus) is 
an International Union for Conservation of Nature (IUCN) vulnerable species, exhibiting 
alarming declines especially in its northeastern range (Bartomeus et al., 2013). The Southern 
plains bumble bee (Bombus fraternus) is an IUCN endangered species, found in only 27% of its 
historic range with significant declines in its relative abundance (Colla et al., 2012). Habitat loss 
due to land conversion to intensive agriculture and pesticides are noted as the top two reasons 
for these species’ recent declines.  
X. virginica  
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Other insects  
Other insects are less frequent watermelon pollinators, making up 2-7% of visits over 3 years of 
study on SC watermelon fields. They include skippers (Hesperiidae), butterflies, wasps, and flies 
but the most common are syrphid flies. Non-bee pollinators are an important part of the 
pollinator community and insect biodiversity, and some species larval or adult stages prey on 
insect pests in agricultural fields.  
 
Syrphid flies (Syrphidae)  
Palpada spp., Toxomerus spp.  
 
Size: medium Color: amber/golden stripes, distinguishable from bees 
because of large eyes that wrap around entire head, only 2 
true wings and miniscule antennae 
Also forage on wildflowers/weeds 
Occasional visitors of watermelon in coastal and central SC 
B. impatiens  B. pensylvanicus ♀ B. fraternus ♀ 
B. pensylvanicus ♀  B. impatiens  B. griseocollis 
B. fraternus ♂ B. pensylvanicus ♂ 
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Photo Credit: All photos were taken by Mimi Jenkins and Merle Shepard 
Cover Art: Designed and Illustrated by Xing Guo 
Funding: This project was completed as part of M. Jenkins dissertation, funded by the 
Agricultural Society of South Carolina, Watermelon Promotion Board, and the Margaret H. 
Lloyd Smartstate Endowment 
 Two-spotted long horned bee / Melissodes bimaculata 
 Leafcutter bee/ Megachile sp. 
 Southern plains bumble bee/ Bombus fraternus 
 Blue-green sweat bee / Augochlorini 
 Tiny sweat bee/ Lasioglossum sp. 
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